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ABSTRACT.
The o x id a tio n  of niobium snd d i lu te  n iobium /copper a l lo y s  
has been s tu d ie d  a t  76 mm of oxygen in  the tem peratu re  range 548-  
749°C, and a t  0 .76-760 mm of oxygen a t  690°G.
I t  has been shown th a t  a d d itio n s  of copper d ecreased  the
o x id a tio n  r e s is ta n c e  of niobium and th a t  the o x id a tio n  re a c t io n
obeyed the m odified  p a ra b o lic  lav/ befo re  breakav/ay o x id a tio n s  The
tv/o c o n tro l l in g  re a c tio n s  have been i s o la te d  and have been shown to
be the p a ra b o lic  growth of a dense NbO  ^ la y e r ,  c o n ta in in g  oxygen
i n t e r s t i t i a l  d e f e c ts ,  and the d is s o c ia t io n  of oxygen m olecules a t
th e  l'fo0o/Nbn0_ in te r f a c e .
2 2 5
From c o n d u c tiv ity  experim ents the  d i f f u s io n  of oxygen 
i n t e r s t i t i a l s  a c ro ss  the NbO sc a le  has been c o n sid e re d . A 
mechanism of s h o r t - c i r c u i t  d if f u s io n  has been proposed which has 
in c o rp o ra te d  an hypo thesized  e f f e c t  of copper a d d it io n s  on the  
NbC  ^ s t r u c tu r e .
To account f o r  the lay e red  n a tu re  of the oxide s c a le  th a t  had 
been observed on the  su rface  of a l l  sam ples, a c ra ck in g  mechanism 
has been proposed which may be re c o n c ile d  w ith  the  o x id a tio n  d a ta .
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(1 )• INTRODUCTION.
Niobium may be in troduced  by ta b u la t in g  some of* i t s
c h a r a c t e r i s t i c s ,  bu t in  o rder to  e v a lu a te  them a y a rd s t ic k  i s
req u ired *  This may.be p rovided  by the  use of a com parison and
th e re fo re  the  p h y s ic a l p ro p e r t ie s  of niobium a re  jux taposed  w ith
A (1 - 2 )
th o se  of molybdenum, tan ta lum  and tu n g s te n  in  Table i
Ta b le  1 •
Some P ro p e r tie s  of Niobium, Molybdenum, Tantalum and Tungsten.
P ro p e r ty . Nb. Mo. Ta. vrit •
C ry s ta l s t ru c tu re b »c . c • b .c .c . b .c .c . b .c .c .
M elting  p o in t °C 2/+68 2610 2995 3410
D ensity  grm s/cc. 8 .75 10.22 16 .6 19 .3
Thermal neutron  c ro s s  s e c tio n  
b a rn s /a  tom 1.1 2 .4 21 .3 19*2
Thermal c o n d u c tiv ity  
BTU/ft2/ h r / ° P / f t .  
room tem perature — 26 80 33 80
2000°P 36 58 43 63
Thermal expansion 
in / in / ° P  .1 0 6. RT-2000°F 4-4 3-5 3-9 2 .4 5
E la s t ic  modulus, p s i  . 1 0  
room tem perature 15 46 27 58
2000°P 12 28 24 52
S uperconducting 
T ra n s itio n  temp. °K 9 .4  6 - 4 .4 8 ~
M elting  p o in t of s ta b le  oxide
V 1490 795 1890 1473
Prom th i s  ta b le  i t  i s  seen th a t  niobium has a unique 
com bination of p ro p e rtie s#  This has a t t r a c te d  c o n s id e ra b le
i n t e r e s t  and r e s u l te d  in  i t s  ra p id  r i s e  as an e n g in ee rin g  m a te r ia l .  
’.Vith th i s  r i s e  in  p o p u la r ity  have grown volumes o f assessm ent 
and d iscu ss io n  o f the  s a l i e n t  f e a tu re s  of niobium from which i t  
i s  ev id en t th a t  the  m eta l a lso  possesses g en e ra l chem ical i n a c t iv i t y ,  
good re s is ta n c e  to  l iq u id  m eta l c o rro s io n  and good d u c t i l i t y  down 
to  200 °0 ^  A ttem pts have been made to  c a p i t a l iz e  on th ese
advantages and some of the  proposed uses f o r  niobium have in c lu d ed ,
n u c le a r  power r e a c to r s .
b. ra d io is o to p e  c ap su le s .
c . s o la r / th e rm a l energy s to ra g e .
d . r e - e n t r y  v e h ic le s .
e . launch v e h ic le s .
f . space c r a f t s .
g* ra m je ts .
h . open-cycle gas tu rb in e s  ( a i r  b re a th in g ) .
i . c lo se d -c y c le  gas turbom achinery .
D* c lo se d -c y c le  m eta l vapour turbom achinery.
k . d i r e c t  energy  conversion  system s.
1. superconducting  d e v ice s .
m. c o rro s io n  r e s i s t a n t  a p p a ra tu s .
n . c a p a c i to r s .
However, th e re , i s  a d e b it  s id e  to  the a ssessm en ts . F i r s t l y , t h e
e l a s t i c  modulus of niobium needs s p e c ia l  c o n s id e ra tio n  s in c e  a lth o u g h  .
a low f ig u re  i s  b e n e f ic ia l  from the s ta n d p o in t o f lo w .th e rm al
s t r e s s e s  induced by la rg e  therm al g ra d ie n ts ,  i t  produces the
( i  )problem of b u ck lin g v • This could  be encoun tered  p a r t i c u l a r l y
in  uses d and f .  Secondly , a p p lic a t io n  to  a could  le ad  to  s e r io u s
tro u b le  i f  the  sodium c o o la n t in  c o n ta c t w ith  niobium became
contam inated v/ith oxygen s in c e  niobium , having  a g re a t  c a p a c ity
fo r  d is so lv in g  oxygen, would s im u ltan eo u sly  s u f f e r  an in c re a s e  in
( 2 )hardness and a d e te r io r a t io n  in  d u c t i l i t y .  Furtherm ore, t e s t s
on the  m eta l in  environm ents ’where the oxygen was in  g r e a te r
p ro p o rtio n  le d  to  ra p id  o x id a tio n  above 600°C As a r e s u l t ,  and
( 8 )in  the  l i g h t  of f u r th e r  work , th is  t r a n s i t i o n  m eta l may be 
la b e l le d  as: u n su ita b le  a t  h igh  tem pera tu res  in  o x id iz in g  a tm ospheres. 
This th e re fo re  imposes a severe  r e s t r i c t i o n  on the  a p p l ic a t io n
of niobium to  some of the uses in  the  above am bitious l i s t .
( 9 ) ( io )However, W estern and E a s te rn ' R e s e a rc h e rs ,p o s s ib ly  goaded by
the  m i l i t a r y  p o te n t ia l  o f the m eta l in to  g re a te r  a c t i v i t y  than
would e x i s t  i f  i t  were p u re ly  fo r  c i v i l  a p p l ic a t io n ,  have ob ta ined
co n s id e ra b le  su ccess in  the developm ent of o x id a tio n  r e s i s t a n t
a llo y s*  The 'Western su ccess  in  the  employment of th e se  a l lo y s ,
(1 )p u b lish e d  a f t e r  th e  A pollo space m issio n  in  1968 , in c lu d e d ,
a .  a t t i t u d e  c o n tro l eng ines on lau ch  v e c h ic le s .
b* n o zz le  ex ten sio n s  o f the  T itan  0—111*
c* n ozzle  ex ten s io n  f o r  the  Apollo s p a c e c ra f t  engine*
d . n o zz le  ex ten s io n  f o r  the  Lunar E xcursion  Module*
e . th e  nozzle  of the  l iq u id  fu e le d  ro c k e t of the  Lunar Hopper*
f .  th erm al r a d ia t iv e  p an e ls  f o r  r e - e n t r y  vech ic le*
W ith reg a rd s  to  E as te rn  success w ith  niobium , i t  i s  p o s s ib le  th a t  
the  S o v ie t Union used  s im i la r  a l lo y s  to  ach ieve  t h e i r  lu n a r  lan d in g  
d u rin g  November 1970, bu t th i s  i s  sp e c u la tio n  s in ce  th e re  i s  a 
p a u c ity  of te c h n ic a l l i t e r a tu r e *
With th e  tendency in  ro c k e try  towards g re a te r  pay loads m otor 
e f f ic ie n c y  i s  of paramount im portance, and u n le ss  a r e v o lu tio n a ry  
means o f p ro p u ls io n  can be developed then  g re a te r  e f f ic ie n c y  r e s u l t s  
in  h ig h e r  o p e ra tio n a l tem peratures* To meet th ese  new c o n d itio n s , 
which a re  o ften  o x id iz in g , a l lo y  developm ent must con tinue*  However, 
m otor d esig n  i s  only  one a sp e c t in  which niobium may co n tin u e  to  
fe a tu re *  I t  i s  l i k e l y  th a t  i t  w i l l  be used  as a base f o r  the  wing 
c o n s tru c tio n  of the  v e h ic le s ,  planned by N.A.3.A, f o r  a s h u t t l e  
s e rv ic e  between o rb i t in g  space s ta t io n s  and E a rth .
The p re lim in a ry  s i f t i n g  through the  P e rio d ic  Table f o r  a s in g le
s u i ta b le  a llo y in g  a d d it io n  i s  over, and elem ents th a t  f a i l e d  to
p r o te c t  niobium have been d isca rd e d . However, i t  i s  b e lie v e d  th a t
much can be gained  from the l a t t e r .  A s tu d y  of a d d it io n s  th a t
ag g rav a te  the o x id a tio n  behaviour o f niobium may a id  by in d ic a t in g
th e  b e s t  com bination of elem ents re q u ire d  to  induce p r o te c t io n ,  and
hence s a t i s f y  the new c o n d itio n s  d isc u sse d  above. The v a l i d i t y  of
(11 )t h i s  approach was supported  by Thompson' in  h is  rem ark th a t  he
would have l i t t l e  f a i t h  in  d o c to rs  i f  th ey  l im ite d  t h e i r  s tu d ie s  to
h e a lth y  t i s s u e s .  Thus, the Nb/copper system , b r i e f ly  surveyed  by 
(12)Popov ,which i s  an example of a system  th a t  d isp la y ed  sev e re
o x id a tio n  has been chosen f o r  s tu d y .
^2) LITERATURE SURVEY.
The r e a c tio n  of oxygen w ith  a m etal o f te n  obeys the g e n e ra l 
r o u t e ; -  oxygen d is s o lu t io n  — oxide p r e c ip i ta t io n  or sub-ox ide  
fo rm ation  — lower oxide fo rm ation  — p ro d u c tio n  o f the  h ig h e s t  
o x id e .I t  was th e re fo re  decided  to  c o n s tru c t the i n i t i a l  p a r t  o f th i s  
l i t e r a t u r e  survey  around th i s  g e n e ra l iz a t io n  and to  d is c u s s  each 
s te p  w ith  re s p e c t to  niobium .The second p a r t  w i l l  be d iv id e d  in to  
the  laws of o x id a tio n ,a tte m p ts  to  minim ize the  o x id a tio n  and the 
e f f e c t s  o f copper on the  o x id a tio n  o f niobium .
( 2 ) ( l ) .  THE OXIDATION OF NIOBIUM BY OXYGEN.
( 2 ) ( l ) ( l ) .  The Niobium/Oxygen E q u ilib riu m  Diagram.
The system  has a t t r a c t e d  c o n s id e ra b le  re se a rc h  w ith  o u ts tan d in g  
c o n tr ib u tio n s  by B rauer ^ '^ ,S e y b o l t  and E l l i o t  , E l l i o t
a s s o c ia te d  h im se lf p r im a r i ly  w ith  the  c o n s tru c tio n  of the  e q u ilib riu m  
diagram w hile  Seybolt co n ce n tra te d  on the  e f f e c t  o f oxygen in  s o l id  
s o lu t io n .  B rauer worked on th e  id e n t i f i c a t io n  o f the ox ides of 
niobium.
Prom th e i r  work i t  i s  ev id en t th a t  niobium has a c o n s id e ra b le  
c a p a c ity  f o r  d is so lv in g  oxygen and a lso  forms a s e r ie s  o f ox ides in  
which niobium v a r ie s  in  v a len cy  from two to  f iv e .  T yp ica l s o l u b i l i t y  
f ig u re s  quoted from the l i t e r a t u r e  a re  summarized in  Table 2 .,and the 
rem aining fe a tu re s  o f the  eq u ilib riu m  diagram s a re  b e s t  d e sc r ib e d  by 
E l l i o t 1s p re s e n ta t io n . ^ (P igure  l ) .
The D is so lu tio n  of Oxygen in  Niobium.
The o x id a tio n  o f m e ta ls ,w ith  the  development o f oxide s c a le s ,  
i s  n e a r ly  always p receded  by a p e rio d  o f oxygen d i s s o lu t io n  and
Table 2 . 
Oxygen s o l u b i l i t y  in  Niobium*
Temperature ran g e .°0 Oxygen C on ten t. a t$ R eferences.
500 1 .4 13
1800 3*9 13
775-1100 1 .4 -5 .5 14
700 0 .7 17
1550 5 .5 17
825 2 .0 18
1775 6 .0 18
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w ith  niobium i t  i s  g e n e ra l ly  held  th a t  th e  oxygen d is s o lv e s  
i n t e r s t i t i a l l y  w ith  a h ea t of s o lu t io n  o f 12*5 K cals/m ole^
S ince niobium i s  b .c .c .  th e re  a re  two main i n t e r s t i c i e s
namely the  o c tah ed ra l and te t r a h e d r a l  p o s i t io n s .  The p o s i t io n
(19) (20) favoured in  niobium i s  no t e stab lish ed  w ith  Mah' 'and G ibala
(2 1 )advocating  the fo rm er,and  B eshers a rg u in g  in  favour o f occupancy
o f the te t r a h e d r a l  s i t e s .  B eshers im plied  th a t  oxygen may fav o u r
te t r a h e d r a l  s i t e s  in  th e  r e f r a c to r y  m eta ls.B e based h is  argum ent on
the  prem ise th a t  the  so le  f a c to r  governing occupancy i s  th e  e l a s t i c
s t r a i n  in  th e  l a t t i c e .  From the s iz e  o f th e  niobium and oxygen atom s,
(19)and the  geom etry o f the  o c ta h e d ra l s i t e , i t  has been c a lc u la te d ' '
th a t  s o lu t io n  o f oxygen should  s t r a in  the  l a t t i c e .  I t  in  f a c t  does
and i s  shown by Sey’o o l t1 s ^ c u r v e s  of  ( a ) , t h e  oxygen c o n te n t as a 
fu n c tio n  o f hardness and ( b ) , th e  concom itant accommodation s t r a i n ,  
o r l a t t i c e  param eter in c re a s e ,a s  a fu n c tio n  o f oxygen.
(2 2 )The harden ing  e f f e c t  o f oxygen was used by Klopp e t  a l '  
o b ta in in g  m icrohardness measurements o f the  e x te n t o f p e n e tr a t io n  of 
oxygen in to  niobium and a s e r ie s  of niobium a l lo y s , t o  c a lc u la te  the  
d if f u s io n  c o e f f ic ie n t  and a c t iv a t io n  energy  o f oxygen d i f f u s io n .  They 
ob ta ined
D = 4*07 • 10 ^ cm ^/sec. o '
Q = 24*9 K cals/m ole .
(23)Ang‘s f ig u r e s  , deduced from in te r n a l  f r i c t i o n  measurem ents may be 
used as a com parison
D = 1 .4 7  • 10 ^cm ^/sec.o
Q = 27*6 K cals/m ole .
(2 ) ( l ) (3 ) *  Occurrence of Sub-Oxides NbO ,NbOT,NbO^ x y ^
In  th e  in te rm e d ia te  p o s i t io n  between oxygen s a tu r a te d  niobium 
and p r e c ip i ta t io n  o f the  oxide NbO e x is t s  a re g io n  r ic h  in  v a ry in g  
opinions,m any o f which appear to  be c o n f l ic t in g ,a s  to  th e  e x is te n c e  
o f sub-ox ides of niobium.
Table 3
The Sub-Oxides of Niobium.
Temp°C P ressu re Phase Remarks R eference.
400-800 Air.760mn *> P o ss ib le  e x is ten c e  bu t too 
f in e  fo r  d e te c t io n .
24
- NbO ,NbO x* y S p e c ia l c o n d itio n s . 25
300-500 Reduced 
a i r , Oxy.
NbOX Probable com position  NbgO 28
500 0.1 mm t>
0^ :
0& 2 6
400-500 10"^min NbOz ,NbC^ NbO u n i t  c e l l  x 6 th a t  o f z
Nb
21
O j- O rdering  of 
0 NbOz
(110) p lan e  o f NbO / / ( 1 1 0 )  2
Nb p la n e •
29
Table 4»
The Sub-Oxides o f Niobium (from  re fe re n c e  3 0 «
Temp. °C P re ssu re . Time.mins. Phase.
200-350 740mm. 4260-6600 NbOX
400 740mm. 10 NbO ( t r a c e s ) ,  x '
500 100ram. 45 NbO ( t r a c e s ) .y; :
500 10mm. 160 NbO ( t r a c e s ) .y
400-900 1mm. 4500 max. N il .
400 10mm. 1332 NbO ,NbO . x ’ y
500 1 Gum. 4544 NbO .y
300 10“2mm. 1460 NbOX
400 10“^mm. 4233 NbO ( t r a c e s ) .X
500 10'^mm. 144 NbO .y
In  the  1950’ s the  e x is ten c e  o f th ese  sub-ox ides was no t 
co n v in c in g ly  p ro v en ,b u t du rin g  the l a s t  decade cogent r e s u l t s  have 
e s ta b lis h e d  th e i r  p o s i t io n  in  th e  o rd e r o f o x id a tio n ,an d  th i s  i s  
shown in  Tables 5 and 4*
( 32)Terao ' ox id ized  niobium and was a b le  to  id e n t i f y  s e v e ra l
oxide phases namely,Nb(o) s o l id  solution,N bO  ( te tra g o n a l) ,N b -0
(h ex ag o n al), <jT Nb 0 (m o n o c lin ic ) and Nb_0_ (m onoclin ic)*  At
/  \reduced  p re s su re  o f a i r  he id e n t i f ie d  NbO ( te t r a g o n a l) , NbO (c u b ic ) ,z
and NbO  ^ (te trag o n a l)®  He c o n s tru c te d  the  fo llo w in g  flow  sh e e t to  
i l l u s t r a t e  th e  oxides and t h e i r  sequence
F ig u re  2 .
300-350°C 350-400 400 400-700 700-800°0,
(Nb)—*  (Nb(0 ) ) - ---- > (NbO )_*> (JNb-0 )— QrNb 0 r ) ^  (cNb 0 )
(Nb02 ) - J .° ± £ ° g .  (NbO)  (MbO )650-700
(33) rr a lN iebuh s o  in v e s t ig a te d  the oxides o f niobium and concluded 
th a t  they  can be c a te g o riz e d  in to  groups* Oxides NbO^NbO^ and NbO  ^
i s  the  f i r s t  ca teg o ry ,an d  a re  formed on ly  by the  o x id a tio n  o f niobium 
m e ta l ,o r  by the  ageing  o f niobium th a t  i s  s u p e rsa tu ra te d  w ith  oxygen 
in  d e f in i te  ran g es  o f tem peratu re  and p re ssu re .T h e  rem ain ing  groups 
w i l l  be r e f e r r e d  to  l a t e r  in  the  a p p ro p r ia te  sec tio n s*
( 2 ) ( l ) ( 4 ) *  The Occurrence o f the Lower Oxides o f  Niobium.
From th e  eq u ilib riu m  d i a g r a m ^ ^ i t  can be seen th a t  th e  low er 
oxides o f niobium a re  NbO and NbO^* I t  ap p ears  th a t  th ey  a re  r e l a t i v e l y  
easy  to  produce ^ ‘^ ^ ^ *  H ow ever,during the  o x id a tio n  o f niobium  
c o n d itio n s  a re  o fte n  removed from the  id e a l  e q u ilib riu m  c o n d itio n s
th a t  e x i s t  between the  phases d ep ic ted  in  F igu re  1. This f a c t o r , i n  
co n ju n c tio n  w ith  the  d i f f i c u l t i e s  in h e re n t in  th e  o b se rv a tio n  o f th in  
la y e rs  o f oxide on the su rfa c e  o f an ox id ized  sample,may w e ll account 
f o r  the  d isag reem ents found in  the l i te ra tu re  concern ing  the  e x is ten ce  
o f th ese  low er ox id es.
G u lb ra n s e n ^ ^ a n d  B r i d g e s ^ a g r e e d  th a t  only  one la y e r  o f
oxide i s  formed on niobium d u rin g  o x id a tio n  and th a t  was the p e n t-
(2k)ox ide . Goldschm idt*s work supported  th i s  view . He d id  however
n o tic e  a th in  b lack  s u b - la y e r ,b u t  th i s  f a i l e d  to  produce x - ra y
r e f le c t io n s  co rrespond ing  to  a low er ox ide . He thus concluded th a t
the  la y e r  was m erely an o r ie n ta te d  alpha Nb 0^ m o d if ic a tio n . Klopp e t  
(2 2 ) 2 0
a l  v 'w ere no t in  accordance w ith  a l l  o f the f in d in g s  o f Goldschmidt
s in ce  they  observed the  th in 5b lack  in n e r  oxide la y e r  bu t found th a t
i t  co n ta in ed  tra c e  amounts o f the  lower oxide NbO, The m ajor component
(31 )was the p en to x id e . H urlen v 'was unable to  s u b s ta n t ia te  G oldschm idt’s
o b se rv a tio n s ,o r  indeed those  of Klopp e t  a l .  He s tu d ie d  the  o x id a tio n
o f niobium in  the tem perature  range 150 -  1000°C,and a t  oxygen 
-2 xp re s su re s  1 . 10 -  76O t o r r .  He was u n c e r ta in  o f the occu rrence  of
th e  low er o x id e s ,b u t su g gested  th a t  th ey  formed above 6 0 0 °C ,e sp e c ia lly
( 2 6 )a t  the low er oxygen p re s s u re s . In  the same y ear K ofstad  e t  a l
(31 )p a r t i a l l y  agreed w ith  H urlen  in  th a t  th ey  found the  appearance of
NbO only  a t  reduced oxygen p re s su re s  i . e ,1 0  t o r r .  However th e y
re p o r te d  the  oxide to  occur on ly  below 600 0 . B lackburn found
x  —ra y  evidence o f NbO  ^ and NbO even a t  450°G a f t e r  o x id iz in g  niobium
in  w ater v ap o u r,b u t a lthough  niobium  ox id ized  in  d ry  oxygen d id  n o t
p rov ide  co n c lu s iv e  x -ra y  ev idence of the  growth o f th ese  low er o x id es ,
c o n ta c t r e s is ta n c e  measurements could  be in te r p r e te d  in  term s o f a
th in  la y e r  of NbO^. B lackburn m ain ta ined  th a t  one rea so n  f o r  th e
absence o f an NbO  ^ sp ec tra  may be due to  the  th in n e s s  o f th e  la y e r
s in c e  o th e r w orkers re p o r t  system s re q u ir in g  a minimum oxide th ic k n e ss  
2 5 oo f 8 . 1 0 -  1 . 1 0  A b e fo re  d e te c ta b le  sp e c tra  a re  o b ta in e d . In
f u r th e r  support o f the b e l ie f  th a t  o x id a tio n  o f niobium can produce
( 3 3 )
the  low er oxides NbO and NbO  ^ N iebuhr observed th e se  ox ides and 
was a b le  to  p lace  them in  the  second c la s s  of h is  c a te g o r iz a t io n  o f 
the  oxides of niobium . He s ta te d  th a t  t h e i r  s t a b i l i t y  was h ig h  and
(37)th a t they could, e x is t  in  the vapour state* Roberson and Rappw
x -ray ed  sc a le  formed on niobium sh e e t and th ey  too  ob ta ined
(38)r e f l e c t io n s  which corresponded to  NbO and- NbO^. Sheasby ' ‘'approached
th e  su b je c t m e ta llo g ra p h ic a lly  a f t e r  o x id iz in g  sam ples a t  l4.50“700°C
in  th e  p re ssu re  range 1-760 t o r r  o f oxygen. He too id e n t i f i e d  NbO
and NbO  ^ and therebye confirm ed the  e x is ten ce  o f th e  low er oxides of
niobium  on th e  su rfa c e  o f ox id ized  sam ples. However he added th a t
la y e r s  of NbO and NbC  ^ were on ly  found on sam ples re a c te d  above
approx im ate ly  620 C. Below th i s  tem peratu re  th e se  oxides were a b se n t
and were re p la c e d  by a p l a t e l e t  phase t e n ta t iv e ly  id e n t i f i e d  as  the
sub-oxide NbO • z
( 2 ) ( 1 ) ( 5 ) .  The P ro p e r t ie s  o f the  Lower Oxides NbOjNb^O^ and NbO^
( 39 )
J a f fe e  'r e p o r te d  the  occurrence o f th e  sesq u io x id e  and i t s  
i n s t a b i l i t y  in  oxygen,but l i t t l e  i s  known about t h i s  ox ide . However 
in  c o n tra s t  NbO and NbO a re  w idely  re p o r te d ,a s  shown in  Table 5*
(LI)U sing M agneli’s x - ra y  f i g u r e s '  ,and the r e la t io n s h ip
P = n A    (1 )
VN
w here: -
; p  - - d e n s i ty  in  grms/cm^.
n = number of atoms co n ta in ed  in  u n i t  c e l l .
V = volume o f c e l l
N = Avogadro’ s number.
A = mean atom ic w eight o f atom s.
a value  o f 5*9 grms/cm^ f o r  the  d e n s i ty  o f s to ic h io m e tr ic  NbO  ^ i s
o b ta in ed . The th e o r e t ic a l  va lue  would in c re a se  as the  oxide showed 
p -ty p e  com position ,and  d ecrease  w ith  n -type  com position . C o rre c tio n s
Table 5*
The Properties of the Lower Oxides of Niobium.
The P ro p e rty . NbO m 2°3 NbO. •
S tru c tu re N a C l .^ 0 ) _ 04 a u t i l e ' ^ W  ]
a 4.201 S .K x ^ 0 ^ - 4 .7 7 .K x ^ 0 ^.
c - 2.96.K x^ ° ^ .
3
M olar volume.cm 15 .G(4 0 )^ 3) - 2 0 . 5 . ^ ° ^ ^ ) .
Experim ental d e n s i ty  
grms/cms3
7 .3 ^ ° ^ - 5 .9 B > ° > .
% Oxygen a t  s to ic h . 1 4 . 6 9 > 0 ) . - 25*62 .
Homogeneity ran g e . Nbo U 0 )(4 3 ) m u 0 . 98- 1 .0 -
(4 0 )(4 3 ) 
9 .9 4 -2 .0 9  *
M elting  p o in t .° 0 1% 5(1 6 )(4 0 )(4 6 )# 1 7 7 2 .^ ° ; 1 9 1 5 ^ ° ) .
E le c t r ic a 1 .r e s t . 
ohms-cm
2 .4  . 10“3
040; 
a t  20°C
8 .6  . 10”2
4 .  lO3* ^ .
T ransform ations m 1040°K
Colour B lack < ^ 36) B lue/blaclc0^ B lu e /b la c k ^ 0 ^ .
P o la r iz e d  l i g h t . Black - D a r k g r a y ^ .  ■
F ig u re  3*
The R u tile  S tru c tu re .
f o r  th i s  v a r ia t io n  in  com position  a re  a v a ila b le  f o r  the  above 
e q u a tio n  The m olecu lar volume from the  above f ig u re  i s  42 cm?./
■Z
giro m o l,o r f o r  NbO ,21 cm /grm  m ol. The s t ru c tu r e ,b e in g  r u t i l e , c a n
(hA )be re p re se n te d  by F igure  3* M agneli v 'm a in ta in ed  however th a t  NbOg 
was d is to r te d .
( 2 ) ( l ) ( 6 )  The Occurrence o f th e  H igher Oxide o f Niobium.
I t  i s  in  t h i s  oxide th a t  niobium d isp la y s  i t s  maximum v a len cy
o f f iv e ,p o s s ib ly  by lo o s in g  i t s  one 5s and a l l  fo u r  o f i t s  4d e le c tro n s  
5+in  Nb • The pen tox ide  i s  o f te n  re p o r te d ,b u t  th e  e x is te n c e  of some of. 
th e  a l io t r o p ic  m o d if ic a tio n s  i s  in  doubt.
There a re  c o n tra d ic to ry  r e p o r ts  on the  c r y s t a l  s t r u c tu r e  o f 
( 13)Nb^O^.Brauer v h is  much quoted work on th e  ox ides o f niobium ,
found th re e  m o d if ic a tio n s  o f the  pen tox ide  e x is t in g  in  d i f f e r e n t  
tem peratu re  ra n g e s . The forms were d e sig n a ted  T,M and H f o r  low 
tem perature,m edium  ( 900- 1100°C)^and h igh  tem peratu re  ( g r e a te r  than  
1100°C). H ow ever,G oldschm idt^^^found no in te rm e d ia te ,M ,m o d if ica tio n  
b u t d id  confirm  th e  e x is ten c e  o f two m o d if ica tio n s  nam ely ,alpha and 
b e ta .  These two corresponded to  B rauer*s T and H form s. I t  was p o in ted  
ou t th a t  the  x -ra y  powder p a t te r n  d if f e r e n c e s  between th e  M and H form s 
were very  s l i g h t  so th a t  i t  was p o s s ib le  to  c l a s s i f y  them as  
s t r u c t u r a l l y  the  same. Goldschmidt observed th a t  th e  a lp h a -b e ta  
tra n s fo rm a tio n  occurred  a t  app rox im ate ly  900 0 and th a t  the  b e ta  
form rem ained s ta b le  a t  a l l  tem p e ra tu res . I t  was a ls o  found th a t  
once formed beta  Nb^O^ showed no s ig n  o f r e v e r t in g  to  alpha on c o o lin g , 
o r a f t e r  being he ld  a t  tem peratu res  nom inally  in  the  alpha re g io n .
Thus he surm ized th a t  th e  beta phase i s  th e  tru e  s ta b le  m o d if ic a tio n  
o f the  p en to x id e . H is r e s u l t s  showed th a t  the  r e a c t io n  was tim e 
dependent s in ce  when alpha ^ 2^5 was ^e a ^ec^  c o n s ta n t tem p e ra tu re , 
even in  the so c a l le d  a lpha r e g i o n , i t  alw ays transfo rm ed  to  beta  v e ry  
s lo w ly ,an d  a t  in c re a s in g  r a t e s  a t  800,900 and 1000°C. He d isco v e red  
15j^  b e ta  NbQ0 j- in  a lpha ' ^ 0^ a f t e r  s to r in g  the l a t t e r  f o r  11 months
and thus i t  was concluded th a t  the  tra n sfo rm a tio n  occurs down to  
room tem p era tu re . T herefore on th i s  b a s is  the tra n s fo rm a tio n  
tem perature  o f 900°G would appear to  a r b i ta r y  n e v e r th e le s s , i t  has
some s ig n if ic a n c e  s in ce  i f  the  r a t e  o f h ea tin g  of the  a lpha i s
o (22)rapid then tra n s fo rm a tio n  7 /i l l  occur a t  900 0. Klopp e t  a l
s u b s ta n t ia te d  B rau er1s work in  t h e i r  i d e n t i f i c a t io n  o f T,M and H
types of the  p en to x id e . The M m o d if ic a tio n  was observed both  on pure
niobium ,and on a l lo y s  o f niobium a t  approx im ate ly  1000°G.
Kubaschewski and H o p k in ^ ^ ^ lis te d  on ly  two m o d if ica tio n s  in  t h e i r
c a te g o r iz a t io n  o f the oxides o f niobium . The a l io t r o p e s  were th e
orthorhom bic,m e ta  s ta b le  alpha and the  m onoclin ic , b e ta  p e n to x id e s . To
add f u r th e r  to  th e  l i s t  of c o n f l ic t in g  o b se rv a tio n s  K ofstad  and
(2 6 )K j / l l e s d a lv 'r e p o r te d  the occurrence  o f f iv e  m o d if ic a tio n s  o f th e
Nb_Oc ,and th e i r  nom enclature i s  the  re v e rse  o f th a t  used by G oldschm idt. 2 t>
The fo llo w in g  ta b le  summarizes K o fs ta d 's  work
Table 6.
Temperature ran g e . S tr u c tu re . Remarks.
500-600°C & P oorly  c r y s t a l l i n e .
up to  900°G 2f raonoclin ic .
900-1100°G f i m onoclin ic .
1100-1250°C oC m onoclin ic .
1250°0 /oc m onoclin ic . •
Whitmore and G reener 'm a in ta in ed  th a t  the tra n s fo rm a tio n  to  <=c
Nb^O^ occurs a t  1100°C,and in  agreem ent w ith  Goldschmidt s ta t e d  th a t
the  r e a c t io n  i s  i r re v e rs ib le .P re s u m a b ly  t h e i r  °c co rresponds to
( 31 )G oldschm id t's  ft Nbo0^. In  th e  same year H urlen  'n o tic e d  on ly  two 
m o d if ica tio n s  which he c a l le d  % a n d °c  Nbn0_. The ^  form was th e  low 
tem peratu re  oxide found a t ,a n d  below ,800 G. This i s  in  agreem ent w ith  
the°£  and reco rded  by Goldschmidt and H o ltfo e rg ^ "^ . The l a t t e r  
was more s p e c i f ic  in  h is  quote fo r  the transform ation tem p era tu re  than  
was Goldschm idt g iv in g  the  tem perature  as 830°G w ith  an in a cc u ra c y  
o f * 5°C. H ow ever,in view of G oldschm idt'3  o b se rv a tio n s  th e  -  5°G
would appear not to be s ig n if ic a n t .
No doubt the arguments w i l l  continue as to  the actu a l number 
of a llo tro p es  niobium pentoxide hasj but as the flow  of evidence 
continues extraneous fa c to rs  w i l l  be obviated by r e p e t it io n  of 
previous work,and by stand ard ization  o f  nom enclature.lt may be found 
th at there are on ly  two a llo tro p es  o f the pentoxide,nam ely cxS and 
and th at the arguments were centred on a su b tle  p o in t,a  poin t 
concerning not a major change in  c r y s ta l stru ctu re ,b u t rather a 
s l ig h t  improvment,with tem perature,in the degree o f c r y s t a l l in i t y  
o f the m o d ifica tio n s.
In future referen ce in  th is  work to  the pentoxide K ofstad’s 
nomenclature w i l l  be used.
( 2 ) ( 1 )(7)*  The Composit ion  o f Niobium P en tox ide .
s
The p o s s ib il i ty  of improving th e  o x id a tio n  r e s is ta n c e  o f niobium
has le ad  to  co n s id e ra b le  re sea rc h  in to  the  mechanisms o f i t s  o x id a tio n .
One method of s tu d y  i s  to  c o l le c t  the  p roducts  o f o x id a tio n ,a n a ly se
them ,and then  e s ta b l i s h  a s u i ta b le  h y p o th e s is . Many o f th e  hypotheses
which have e lu c id a te d  the  o x id a tio n  behav iour o f niobium a re  based
(1 3)on in fo rm atio n  ob ta ined  by re se a rc h e rs  l ik e  B rauer . He re p o rte d  
th a t  ^ 2^5 was non s to ic h io m e tr ic ,u n d e r  c e r ta in  c o n d itio n s ,a n d  
showed m eta l excess d e p a r tu re s  from s to ic h io m e try . He determ ined  
th a t  the  com positional range o f the Nbo0_ s in g le  phase re g io n
2 5 “ •
extended from NbCL , D to  NbCL _ a t  tem p era tu res  1350-1400 G. More
r e c e n t ly  Prokoshkin and V asileva 'r e p o r te d  the  hom ogeneity range
to  be NbCL , to  NbCL _. This fo llow ed  work by G atehouse and 
2*43 2 o
W adsley who proposed th a t  Nbo0 c was a hemologue of g e n e ra l form ula
N b /, - \0 /o  oV  .where Nb0CL was a s p e c ia l  case  when n = 9®( 3n + 1 ; (on - 2 ; * 2 5
O ther hcmologues were id e n t i f i e d  when n = 7 and 5® T h e ir s tu d ie s  a l s o  
gave the  average oxygen ion  -  oxygen ion  d is ta n c e  in  th e  p en to x id e  
a s  2 .80  °A. Prom th i s  f ig u re  th ey  c a lc u la te d  the  io n ic  ra d iu s  of 
Nb^+ 83 0 .59  °A. Nb^O .^ belongs to  th e  th i r d  c a te g o ry  o f N iebuhr’ s 
g e n e ra l c l a s s i f i c a t i o n  of the oxides o f niobium and h e , i n  agreem ent 
w ith  Gatehouse e t  a l ,fo u n d  th a t  th e  oxide belonged to  an  homologous
a ( 5 l)s e r ie s *  Blum enthal e t  a l v 'a l s o  observed homologues and found
th a t  NbO_ - and NbCL . , e x is te d  a t  1090°0 and 889 °3 r e s p e c t iv e ly .  
c, m l^c. C* • Zf if
(2)(l)(8). The Semi-Conducting Nature of Niobium Oxides.
E x tr ic a t io n  o f c o n d u c tiv ity  da ta  from the l i t e r a t u r e  y ie ld e d  
few f a c ts  w ith  r e s p e c t  to  the low er oxides o f n iobium ,T able 5 ,and 
i t  i s  thus concluded th a t  w hile work on niobium i s  m aturing  work 
on i t s  lower oxides i s  in  i t s  in fa n c y .
NbO i s  l i s t e d  a s  being oxygen defficient,N bO Q  -  1
and a s  a r e s u l t  could  be c la s se d  as  an n -type  sem iconductor. Nrom
(52)
K ruger1 s '  'com prehensive work on sem iconductors NbO would be l i k e l y  
to  show a decrease  in  c o n d u c tiv ity  w ith  3n in c re a se  in  oxygen 
p re s su re  p ro v id in g  th a t  NbO behaves in  a s im ila r  manner to  those 
ox ides th a t  he used  to  exem plify  h is  s ta tem en ts  of th e o ry .
The homogeneity range of NbO. 0 im p lies  th a t  th e  d io x id e
i •  9 Uy
can d isp la y ,a c c o rd in g  to  oxygen c o n te n t ,n  o r p -type  sem iconductor
beh av io u r. The p -ty p e  oxide has been h in te d  a t  b u t as  y e t th e re  i s
no r e p o r t  o f the n -ty p e  behaviour, n e v e r th e le s s , i t  i s  l i k e l y  th a t  i t
w i l l  be found a t  low oxygen p a r t i a l  p re s su re s  fo r  i t  i s  here  th a t  a
change,from  n -type  to  p - ty p e , occurs f o r  o th e r  oxides no tew orthy  of
which a re  Tao0 ^ ■ ^ * ^ f 'and  Z rO -^ " ^ . 7/1 th  the  l a t t e r  oxide the
-16change occurs a t  10 atm ospheres of oxygen,and no evidence can be 
found in d ic a tin g  th a t  NbO  ^ has been te s te d  a t  th e se  low p a r t i a l  
p re s s u re s .
The sem iconducting p ro p e r t ie s  o f Nbo0^ have been e lu c id a te d
by numerous r e s e a r c h e r s ^ ^ ) ( ^ 3 ) ( 4 8 ) .  ^  g e n e ra l ly  ag reed  th a t
th e  oxide i s  an n -ty p e  sem iconducto r,a lthough  th e re  i s  doubt a s  to
th e  ex ac t n a tu re  of the  d e fe c t re s p o n s ib le  fo r  co n d u c tio n . G reener 
(»8)
and Whitmore 'l im i te d  t h e i r  s tu d ie s  to  the  pen tox ide  a t  n e a r  
s to ic h io m e tr ic  com positions and found th a t  t h e i r  c o n d u c tiv i ty  
measurements could  be ra t io n a l iz e d  on the  b a s is  of s in g ly  io n iz e d
oxygen vacancies*  However KofstacT 'round  th a t  r e s u l t s  ob ta ined
from e x h ib itin g  la rg e  d e p a r tu re s  from s to ic h io m e try  could  be
in te rp re te d  in  term s of doubly io n iz e d  vacancies*  This was in
( 57)agreem ent w ith  the  work of G reener and H irth e  ,and Jann inck  and 
( 58)7/hitmore • The p a r t i a l  p re ssu re  dependence of the c o n d u c tiv ity
( 59)o f th e  pen tox ide has been given  a s  p ro p o r tio n a l to  pCc^)""^, and 
th e  ex p o n en tia l tem peratu re  dependence of the c o n d u c tiv ity  i s  shown 
in  Table 7*
Table 7*
The G onductiv ity  of Niobium Pentoxide*
Tempera tu re p ( ° 2 ) A c tiv a tio n  E nergies* R efs.
l e s s  than  750°O - 0*4 ev 60
600-1400°C 1 atm* 1•65  ev 59
300- 900°C a i r . 1*65 ev 48
300- 900°G 0.12 atm 1 •74 ev 48
300- 900°C 0*90 atm 1 •74 ev 48
350- 650°K - 0*20 ev 57
650-1150 °K - 0*90 ev 57
F uture  work may w e ll e s ta b l i s h  a s ig n i f ic a n t  change in  
c o n d u c tiv ity  of the  pen tox ide  w ith  com p o sitio n al changes,and  thus 
p o r tr a y  a change from doubly io n iz e d  to  s in g ly  io n iz e d  oxygen io n  
vacancies*
( 2 ) 0 )(9)* The R eac tio n  Rate V a r ia tio n  w ith  Oxygen P a r t i a l  P ressu re*
I f  the  o x id a tio n  o f a m etal i s  co n sid ered  then  a v a lu ab le  means 
o f h e lp in g  to  la b e l  the  oxide p roduct as an n - ty p e ,o r  p -ty p e  sem i­
conducto r i s  to  s tu d y  th e  v a r ia t io n  of th e  r e a c t io n  r a t e , o r  
c o n d u c tiv ity ,w ith  change in  the p a r t i a l  p re ssu re  o f th e  r e a c ta n t .
For many sem iconductor s c a le s  a change in  the e i th e r
change the r e a c t io n  r a t e , o r  have l i t t l e  a f f e c t  on i t .  The Wagner 
theory^*^4-^ p re d ic ts  an oxygen p re s su re  dependence of pCOg)*^11 f o r  
p -ty p e  conducting  sca le s ,w h ere  the  value  of n i s  de term ined  by the 
charge on the  m ig ra tin g  d e fe c ts ,w h ile  growth of n -type  s c a le s  i s  
independent of p re s su re ,p ro v id e d  th a t  the am bient p re ssu re  i s  in  
excess o f th e  d is s o c ia t io n  p re s su re  of the s c a le .
At h igh  oxygen p re s su re s  i f  NbO  ^ i s  a p -ty p e  sem iconductor 
co n ta in in g  oxygen i n t e r s t i t i a l  io n s ,a s  suggested  by v a rio u s  au th o rs  
^ ^ j t h e n  acco rd ing  to  S t r i n g e r t h e  c o n c e n tra tio n  o f d e fe c ts  can 
be a r r iv e d  a t  as fo llo w s 2-
The r e a c t io n  o ccu rrin g  a t  the  oxide /oxygen in te r f a c e  can be 
re p re se n te d  by eq u a tio n  ( 2 ).
4r CL    fe* 0 .  ^^  + ne • • » . . . • • • . • • • • ( 2 ) ^ 2 1 ,
Then under the  in f lu e n c e  of a c o n c e n tra tio n  g ra d ie n t d i f f u s io n  
occurs such th a t
0 ^ n  ^ ( a t  m eta l in te r f a c e )  ( 3 )
The s c a le  form ing re a c t io n  i s  then
z0 .^ n”  ^ + y  M etal + nze*— M etal 0 • • • • • • • • • • • • • . ( 4 )1 J y  z
S ince  d e fe c ts  a re  in je c te d  a t  the oxygen/oxide in te r f a c e  the  
r e a c t io n  i s  p re ssu re  s e n s i t iv e .  T herefore  u sin g  the  Mass A ction  Law
K = ............................... ( 5 )
p (02 F
K p C o p ^  = ( 0 . (n _ ) ) ( e " )  .............................. (6 )
b u t because (0 .^ n = n (e +)  » (7 )
then  K 'p(02 ) ^ n+1  ^ = ( o j 11-)). ( 8 )
From equation  (8 ) i t  i s  expected th a t  the o x id a tio n  r a t e  o f the
1 /6m e ta l would be p ro p o r tio n a l to  p(O^) f o r  doubly  io n ized  oxygen 
i n t e r s t i t i a l s *
In  any f u tu r e ’re fe re n c e  to  eq u a tio n  (8 ) n w i l l  be re p la c e d  by 
z to  avoid p o s s ib le  confusion  w ith  r e a c t io n  exponents.
During the  growth of the p en to x id e , s in ce  i t  i s  an n -ty p e  
sem iconductor w ith  oxygen v a ca n c ie s , th e  sca le  form ing re a c t io n  and 
th e  d e fe c t in je c t in g  re a c t io n  both  take  p lace  a t  th e  m e ta l/o x id e  
in te r f a c e .  The oxygen vacancy d e fe c ts  d if fu s e  to  the  o x ide /ox ide
in te r f a c e  and a re  e lim in a te d . No p re s su re  dependence should be
(5k)  ~observed fo r  th i s  p ro c e ss . However, K o fs tad ' '  re p o r te d  a p(C>2 )2
to  p (0  ) dependence a t  500~800°C in  10-760 mm of 0X3rgen p re s s u re .
(61 )S t r in g e r ' and K ofstad  agree  th a t  the reason  f o r  the p re s su re  
dependence i s  n o t c l e a r .  I t  may be due to  su rfa c e  p re - tr e a tm e n t, 
d if f e re n c e s  in  m eta l o r ie n ta t io n ,o r  an a d so rp tio n  p ro cess  s im ila r  
to  th a t  observed f o r  tan talum  below 800°0 ( 62) ( 63} H urle^ 1 ^found th a t
.at 500- 550°C an i n i t i a l  l i n e a r  r a t e  was p ro p o r tio n a l to  p(CL)2 a t ’
-2oxygen p re s su re s  10 -10 mm, bu t independent of p re s su re  in  excess
o f 1 mm a t  tem peratu res below 500°0. On th i s  b a s is  i t  was concluded 
th a t  the  mechanism in v o lv es  d is s o c ia t iv e  a d so rp tio n  of oxygen 
fo llow ed  by in c o rp o ra tio n  of the  oxygen in to  the  niobium . P o s s ib ly  
a t  the  h ig h e r oxygen p re s su re s  the su rfa c e  may become s a tu r a te d  w ith  
oxygen io n s ; w ith  reg a rd s  to  th e  number o f s i t e s  a v a ila b le  f o r  
a d so rp tio n , and hence ren d e r f u r th e r  in c re a se  in  p re s su re  i n e f f e c t iv e .
( 2 ) ( 2 ) . THE MORPHOLOGY OF SCALES ON NIOBIUM.
M etallog raphy  can o f te n  produce v a lu ab le  in fo rm atio n  p e r t in e n t  
to  a growth mechanism, or co n c lu s iv e  su p p o rt f o r  a k in e t ic  a n a ly s is  
o f the  o x id a tio n  of a m etal or a l lo y .  However, such a s tu d y  i s  o f te n  
l im ite d  by the  s e n s i t i v i t y  of the  o p t ic a l  o r e le c tro n ic  system
employed to  examine th e -o x id e , n e v e r th e le s s  d e t a i l s  sought a re
1* evidence of the n u c le a tio n  o f the ox ide .
2 . number o f oxides p re s e n t .
3» th ic k n e s s .o f  the la y e r s ,  
if. number o f la y e r s .
3* oxide p e n e tra t io n  in to  the  m eta l.
6. p o ro s i ty  in  the s c a le s .
.7* evidence o f cohesive or adhesive  f a i l u r e  o f th e  ox ide .
( 2 ) ( 2 ) 0 ) »  Evidence of the  N u c lea tio n  of the  Oxide.
(6k)Campell and C a th ca rt ' 'made an e le c tro n  m ic ro sco p ica l s tu d y  
of the  topography o f the  oxide formed on ox id ized  niobium s h e e t .
They observed sm all b l i s t e r s  em anating from an ad h e ren t oxide on the  
specim ens and found, in  co n ju n c tio n  w ith  a time v e rsu s  w eight g a in  
cu rv e , th a t  th e se  b l i s t e r s  h e ra ld ed  the breakdown of p a ra b o lic  
o x id a tio n . The p ro te c t iv e  oxide and b l i s t e r s  were id e n t i f i e d  as  low 
tem peratu re  m o d if ic a tio n s  of the  p en to x id e . K o f s ta d ^ ^ a g r e e d  w ith  
th e se  f in d in g s  and t r e a te d  the  e f f e c t  q u a n t i t a t iv e ly  a f t e r  making 
s e v e ra l  assum ptions, notew orthy o f which was th a t  th e  s p h e r ic a l  
b l i s t e r s  were a s s o c ia te d  w ith  n e g l ig ib le  s t r a in  e n e rg ie s . N ev e rth e le ss  
in  view o f th e  la ck  of d a ta  a v a ila b le  to  him concern ing  su rfa c e
te n s io n , and volume f re e  energy  v a lu e s , h is  approxim ate c a lc u la t io n s
supported  h is  experim en tal evidence o f n u c le a tio n .
( 2 ) ( 2 ) ( 2 )• Number o f Oxides P re se n t.
I n i t i a l l y  th e re  was d is p u te ,a s  p re v io u s ly  shown, co n cern ing  
th e  number o f oxides p re se n t on ox id ized  niobium . However, depending
on th e  tem peratu re  and oxygen p re s s u re , NbO, NbO  ^ and have
been id e n t i f i e d .
( 2 ) ( 2 )(3)* T hickness of the L ay e rs .
F ig u res  f o r  NbO and NbO a re  r a r e ly  quo ted , p ro b ab ly  due to
( ^
t h e i r  sm all th ic k n e sse s , and measurement d i f f i c u l t i e s ,  bu t Sheasby
found th a t  a t  an oxygen p re ssu re  of 38O t o r r  a t  700°0 the  in n e r
oxide grew to  a th ick n ess  o f about 40 m icrons, and as the  tem p era tu re
was reduced to  app rox im atley  625°Q the  p ro te c t iv e  th ic k n e ss  was 
reduced  to  13 m icrons. Below. 600°G the i n i t i a l  oxide grew to  a
th ic k n e ss  o f 3-2 m icrons 6‘n ly  b e fo re  i t  f a i l e d .
The e f f e c t  o f a llo y in g  a d d it io n s  on th e  th ic k n e ss  o f th e  
la y e r s  has n o t been e s ta b l is h e d .
(2 ) (2 )(4 )*  Number of L ayers.
Photographs o f ox id ized  niobium , and i t s  a l lo y s ,  show th e
o u te r  Nb-O- s c a le  to  be h e a v ily  lam inated  to  g iv e  d i s c r e te  la y e r s
(38)o f  oxide p a r a l l e l  to  the  m eta l su rface^  • No r e a l  e f f o r t  has been 
made to  c o r r e la te  the  number o f la y e r s  w ith  a p a r t i a l  p re s su re  o f 
oxygen and tem peratu re  in c re a s e .
(2 )(2 )(5 )>  Oxide P e n e tra tio n  in to  the  M etal.
A part from th e  oxygen s a tu ra te d  la y e r  Sheasby1 s niobium , 
o x id ized  below 625°C, ex h ib ite d  p l a t e l e t s  o f su b -o x id e . H is p h o to ­
m icrographs re v e a le d  th a t  the  p l a t e l e t s  extended from the  n io b iu n  
su r fa c e  inw ards, and appeared to  have a d e f in i t e  c r y s ta l lo g ra p h ic
o r ie n ta t io n  w ith  the  m atrix*  However, th e re  seemed to  be no 
p r e f e r e n t i a l  g ra in  boundary p r e c ip i ta t io n  of th is  oxide a s  K ofsta  
had observed f o r  NbO*
(2 )(2  ) ( 6 ) .  P o ro s ity  in  the  S c a le s .
£ 3° )
P o ro s i ty  cou ld  occur in  a t  l e a s t  two modes th a t  a re  o p t ic a l ly  
v i s i b l e .  They a re
1 . m ic ro -p o ro s ity  in  the  bulk  o f th e  ox ide , o r a t  the  o x id e / 
m eta l in te r f a c e ,  o r a t  an o x id e /o x id e  i n te r f a c e ,  or a t  the  
oxide/oxygen in te r f a c e .
2 . g ro ss  p o ro s i ty  such a s  c a v i t i e s , f i s s u r in g ,a n d  h o le s  
produced by condensa tion  o f v a ca n c ie s .
I t  i s  l i k e ly  th a t  th e  p o ro s i ty  observed in  the  s c a le s  on niobium
and i t s  a l lo y s  ^ ^ w o u ld  be d e sc rib e d  by th e se  ty p e s , however, a
th i r d  c la s s  o f p o ro s i ty  may be proposed th a t  e x i s t s  on an atom ic
( 6 6 )dim ension. Sheasby and Cox , d u rin g  t h e i r  work on the  c o n d u c tiv i ty  
o f niobium p en to x id e  p h ilo so p h ized  over th e  p o s s i b i l i t y  o f m o lecu la r 
d i f f u s io n  in  the  open s t r u c tu r e  o f the  Nb^O... I t  was c a lc u la te d
2 5  Qth a t  th e  minimum channel opening in  th e  s t r u c tu r e  was 2-3  A , and
o
th a t  a normal c o v a le n t ra d iu s  o f oxygen was 0*74 A. Prom t h i s  th e y
concluded th a t  th e re  was a case  f o r  m o lecu lar d i f f u s io n  a long  t h i s
’’p o ro s i ty " . The pen tox ide  i s  re p u te d  to  grow l i n e a r l y  and to  e x h ib i t
p o ro s i ty .  An un d ers tan d in g  o f how the  p o ro s i ty  developes i s
im p o rtan t s in ce  i f  i t  developes in  the  p a ra b o lic  s ta g e ,  th a t  i s
d u rin g  the growth o f the HbC  ^ la y e r ,  then  i t  cou ld  e x p la in  the
change from p a ra b o lic  to  l i n e a r  k in e t i c s .  This i s  perhaps a
p o s s i b i l i t y  because B la c k b u rn ^ ^ 'm a in ta in e d  th a t  the cou^
porous and t h i s ,  in  co n ju n c tio n  w ith  the th e o r ie s  developed by 
(67)B irch en a ll^  ' f o r  the  fo rm ation  o f porous s c a le s ,  may be used  to  
e s ta b l i s h  a mechanism o f o x id a tio n . However, a t  p re s e n t the 
m a jo r ity  o p in io n  i s  th a t  NbO  ^ i s  non-porous and p r o te c t iv e .
( 2 )(2 )(7 )*  Evidence of Cohesive or Adhesive f a i l u r e  of the Oxide.
Prom the  l i t e r a t u r e  i t  i s  concluded th a t  th e re  a re  two b a s ic  
modes o f oxide detachm ent from a m eta l s u b s t r a te .  Cohesive f a i l u r e  
p e r ta in s  to  f r a c tu r e  w ith in  the  oxide under growth s t r e s s e s  g r e a te r  
th an  th e  io n ic  o r c o v a le n t bonding, and adhesive f a i l u r e  r e f e r s  to  
f r a c tu r e  a t  the  m e ta l/o x id e  in te r f a c e ,  o r o x id e /o x id e  in te r f a c e ,  
where s t r e s s  l e v e l s  were s u f f i c i e n t  to  t e a r  the oxide from the 
in te r f a c e  bonds, b u t in s u f f i c i e n t  to  cause cohesive  f a i l u r e .
D isagreem ent e x i s t s  in . th e  l i t e r a t u r e  concern ing  the  type 
and p o s i t io n  o f f r a c tu r e  found d u rin g  the  o x id a tio n  o f niobium . 
K ofstad  e t  a l  g reed  w ith  S h e a s b y ^ ^ 'in  th a t  t h e i r  niobium
oxide s c a le s  f a i l e d  a d h es iv e ly . However, the  form er favoured 
f a i l u r e  a t  the NbO^/Nb^O^ in te r f a c e ,  whereas the l a t t e r  d iscu ssed  
c ra ck in g  along the o x id e /m e ta l boundary. Perhaps f o r  th e  purposes 
o f t h i s  argument i t  would be in s t r u c t iv e  to  look a t  the  P i l l i n g  and 
Bedworth r a t i o  accompanying the r e a c tio n s
Nb  r- NbCL and NbCL----- >■ Nb_0_2 2 2 p
However,w hile th ese  r a t i o s  a re  not th e  u n iv e rs a l s o lu t io n  to  s im i la r  
argum ents, in  th i s  case  the  m agnitudes invo lved  may be s ig n i f i c a n t ly  
la rg e  to  favour one of th e  jux taposed  o b se rv a tio n s . Thus u s in g  the 
r a t i o  : -
M.a  ( 9 )
m. D
w here, M = the m o lecu lar w eight o f the  ox ide .
D = the d e n s i ty  of the ox ide ,
m = th e  m o lecu lar w eight o f the  s u b s tra te ,
d = the  d e n s i ty  of the s u b s t r a te .
the  v a lu e  of 0  f o r  the form er r e a c t io n  was 1*97, and fo r* th e  l a t t e r  
1*3.9* S ince a h ig h er P i l l i n g  and Bedworth r a t i o  i s  o f te n  a s s o c ia te d  
v/ith  p o o re r adherence then  from these  f ig u r e s  on ly , and ig n o rin g  
p o s s ib le  defo rm ation  a t  the  Nb/lIbO^ in te r f a c e  thus accommodating 
the  g en e ra ted  growth s t r e s s e s ,  the  h ig h e r r a t i o  could  fav o u r
/  70 \
Sheasby*s 'o b se rv a tio n *
( 2 ) ( 2 ) (8 )•  C onditions a t  th e  M etal/O xide In te r f a c e .
Loss of c o n ta c t a t  the m e ta l /s c a le  in te r f a c e  does n o t always 
r e s u l t  in  in c re a se d  o x id a tio n . In  f a c t ,  provided the  oxide does not 
f r a c tu r e  some com plete ly  detached  s c a le s  can be q u ite  p r o te c t iv e ,  
s in ce  the  c a t io n  f lu x  a c ro ss  the  sca le , approaches z e ro . However 
such s c a le s  a re  too b r i t t l e  to  be of any p r a c t i c a l  v a lu e .
(61 )S tr in g e r  'd e s c r ib e s  the c o n d itio n s  a t  an in te r f a c e  as be ing
s im ila r  to  a low angle  boundary in  a m eta l where re g io n s  o f good f i t
a re  bounded by m is f i t  d is lo c a t io n s .  These d e fe c ts  may form re g u la r
netw orks, two d im ensional c e l l  bo u n d aries , o r be random ly o r ie n ta te d .
Y/hen the  m is f i t  d is lo c a t io n  d e n s i ty  in c re a se s  beyond a c e r t a in  value
a l l  e p ita x y  between the  m eta l and s c a le  w i l l  be l o s t  and th e y  w i l l
no lo n g e r be c o h e ren t. However the  s c a le  may w e ll rem ain p h y s ic a l ly ,
and ch em ica lly , con tinuous w ith  the m e ta l. Away from th e  in te r f a c e
in to  th e  oxide the  m is f i t  d is lo c a t io n s  w i l l  cease to  be g l i s s i l e  and
become grow th, o r s e s s i l e  d is lo c a t io n s .  S tr in g e r  f u r th e r  suggested
th a t  the  reaso n  fo r  the  m o b ility  of the  d is lo c a t io n s ,  in  the  re g io n
of the  in te r f a c e ,  may be due to  the h igh  f lu x  o f d e fe c ts  p a ss in g
through the  in te r fa c e  as  a r e s u l t  o f the  o x id a tio n  r e a c t io n ,  and thus
re n d e rin g  clim b a r e l a t i v e l y  easy  p ro c e ss . I f  the  i n t e r f a c i a l
s t r e s s e s ,  p robab ly  the  same as the P i l l i n g  and Bedworth s t r e s s ,  a re
la rg e  a m is f i t  d is lo c a t io n  would be g e n e ra te d . Movement o f th i s
d is lo c a t io n ,  and hence deform ation  of the  ox ide , which w i l l  f u r th e r
(61 )accommodate the  i n t e r f a c i a l  s t r e s s  can occur in  one o f th re e  ways) 
They a re  : -
1® by a f lu x  of d e fe c ts  p a ss in g  a c ro ss  the in te r f a c e .
2 . by an in c re a se  in  vacancy c o n c e n tra tio n  due to  d e p a r tu re s  
from s to ic h io m e try .
3« by lo c a l iz e d  in c re a se s  in  tem peratu re  hence making 
deform ation  e a s ie r .
The l a t t e r  a r i s e s  from the  f a c t  th a t  many o x id a tio n  r e a c t io n s  a re  
exotherm ic and f o r  each vacancy produced a t  the m e ta l/o x id e  i n t e r  -  
fa ce  an energy p u lse  appears of s e v e ra l  e le c tro n  v o l t s .  A succession  
o f p u lse s  could  m arkedly  push the in te r f a c e  tem peratu re  w e ll above 
th a t  o f the  bulk ox ide . The reg io n  o f in c re a se d  tem pera tu re  could  
extend 10 atom ic sp ac ings in to  the oxide l a t t i c e .
With re s p e c t to  the  above no re fe re n c e  concern ing  th e  n iobium / 
sc a le  in te r f a c e  can be found, but ju dg ing  by the r e p o r ts  on the 
b r i t t l e n e s s  of the  s c a le ,  and i t s  re a d in e s s  to  s p a l l ,  i t  may be s a id  
th a t  d is lo c a t io n s  a t  the  in te r f a c e  f in d  d i f f i c u l t y  in  moving, and 
thus r e s u l t  in  a th in  p la s t i c  la y e r  only  a t  the in te r f a c e .
THE RATS LAWS OBSERVED FOR NIOBIUM AT HIGH TEMPERATURE
These laws d i f f e r  from those  governing th e  growth o f th in  
f ilm s  in  th a t  th e  oxide has a n e g l ig ib ly  sm all p o te n t i a l  g ra d ie n t  
a c ro ss  i t .  A d if f u s io n  mechanism, based on the flow  o f io n s  a c ro ss  
th e  oxide v ia  d e fe c ts  in  the  oxide s t r u c tu r e ,  i s  o f te n  th e  common 
denom inator f o r  most o f the  fo llo w in g  lav/s.
( 2 ) ( 3 ) 0  )• The Cubic Law.
B lackburn ' 'o x id iz e d  niobium in  5 cms o f w a te r vapour a t  
600—1100 C and found th a t  the  i n i t i a l  low tem p era tu re  r a t e  was e i t h e r  
p a ra b o lic , o r c u b ic , depending on w hether th e  sample was abraded
(47 ^■with a b la s t  o f a lum ina, or p o lish e d  w ith  emery paper* P o u tru s  ' 
a ls o  found a cub ic  r a t e  a t  600°C bu t in  the  absence o f w a ter vapour, 
and a f t e r  an i n i t i a l  l in e a r  ra te *  H is m a te r ia l  was p o lish e d  w ith  
emery pap er.
(2 ) (3 )(2 )*  The P a ra b o lic  Law*
W a g n e r ^ w a s  the f i r s t  to  g ive a th e o ry  to  p a ra b o lic
o x id a tio n  th a t  had been p re v io u s ly  observed by Tammann^^^, l a t e r
(71 )by P i l l i n g  and Bedworthx 'd u rin g  t h e i r  work on the  o x id a tio n  of
(72) (73)co p p er, and then  by Evans and B a n n is te r  d u rin g  work on growth
o f  io d id e  f i lm s . The th eo ry  i s  on ly  a p p lic a b le  when phase boundary
r e a c t io n s ,  such as  a d so rp tio n , a re  o ccu rrin g  r a p id ly  and d i f f u s io n
p ro c e sse s  a re  r a t e  d e te rm in in g . This i s  g e n e ra lly  the  case  a t
m oderate to  h igh  tem peratu res v/ith  the  r a te  d e te rm in in g  p ro c e sses
be in g  d if fu s io n  o f e i th e r  c a t io n , an io n , o r e le c tro n s  th rough  a
d e fe c t  s t r u c tu r e .  Assumptions used in  the  d e r iv a t io n  of th e  th e o ry
have been sum arized by H a u ffe ^ ^ ^ a n d  are
1* the  oxide i s  d is s o c ia te d  in to  io n s  and f r e e  e le c tro n s*
2* f o r  n o n -s to ic h io ra e tr ic , e le c tro n ic ,  serai-conducto rs th e
c o n d u c tiv ity  i s  due to  t r a n s p o r t  by e le c tro n s ,  i . e .  t  = 1*
— +3* th e  i n t r i n s i c  e le c t r o n ic  e q u ilib riu m , n i l  = e + e i s  
n e g l ig ib le  compared to  the p o in t d e fe c t  e q u i l ib r i a .
4* the  c o n c e n tra tio n  o f d e fe c ts  a c ro ss  th e  oxide rem ains 
c o n s ta n t w ith  tim e.
5* the  oxide behaves as  an id e a l  s o lu t io n .
6. space charge e f f e c t s  a re  n e g lig ib le  compared to  th e  
th ic k n e ss  of the  ox ide .
7* mass t r a n s f e r  to  r e a c t io n  in te r f a c e s  i s  s o le ly  due to  
d i f f u s io n  of d e fe c ts .
L im ita tio n s  o f the  th eo ry  a re  :
1* I t  i s  no t a p p lic a b le  in  o x id a tio n  p ro cesses  a t  low
tem peratures* A p a ra b o lic  r a t e  has been observed a t  low 
tem pera tu res by M o t t ^ '^ " ^ ^ ,  and Cabrera and M o tt^ " ^ ,  
b u t the  e s s e n t ia l  f e a tu re s  o f t h e i r  th e o ry  were non-Wagner 
s in c e  o x id a tio n  proceeded by e l e c t r i c a l  f i e l d  induced  
tr a n s p o r t  o f m eta l ions through an oxide f ilm .
2 . I t  cannot be a p p lie d  a t  high tem p era tu res  in  some circum ­
s ta n c e s  accord ing  to  H a u f f e ^ ^ .
3* I t  does no t take in to  account g ra in  b o u n d arie s , o r the  r- 
e f f e c t  o f d is lo c a t io n s  on the  o x id a tio n  r a t e .
However, d e sp ite  th e se  r e s t r i c t i o n s  the th eo ry  has been s u c c e s s fu l ly  
used to  d e sc rib e  many o x id a tio n  phenomena.
The p a ra b o lic  law , in  i t s  d i f f e r e n t i a l  form , may be d e sc rib e d
by
11
( 1 0 )dx Kp
d t x
w here, x 
t
Kp
the  th ick n ess  o f the  oxide in  cm.
the  tim e in  s e c s .
th e  Tammann s c a lin g  c o n s ta n t.
T his upon in te r g r a t in g  y ie ld s
d o
Depending on the method o f measurement d u rin g  o x id a tio n  so w i l l  the
u n i t s  of the  p a ra b o lic  c o n s ta n t v a ry . Hauffe^ " O g iv e s  th e  fo llo w in g
co n v ersio n  fa c to r s  f o r  the  Tammann c o n s ta n t
w here, V = th e  e q u iv a len t volume (eq u iv .
w e ig h t/d e n s ity )
i
Kp = th e  r a t io n a l  s c a l in g  c o n s ta n t.
( e q u iv a le n ts /c m .s e c .)
2 . Kp = (dm )2 . 1
 f t —
Kp
w here, Kp = the p r a c t i c a l  s c a l in g
2 bc o n s ta n t (grms /era / s e c . )  
dm = grms/cm2 .
O ften the l a t t e r  in t e r p r e ta t io n  o f the  p a ra b o lic  c o n s ta n t i s  tak en  
s in c e  i t  i s  s u i ta b le  fo r  g ra v im e tr ic  s tu d ie s  which a re  r e l a t i v e l y  
easy  to  perform . Thus the q u a d ra tic  law now read s
(dm )2 = Kp t  + C o n stan t. . • • • • • • • • • • • • • • ( 1 3 )
For s im p l ic i ty  i t  i s  u s u a lly  assumed th a t  the  parabo la  p a sse s  
through the o r ig in  and then  th e  in te r g r a t io n  c o n s ta n t w i l l  be z e ro . 
Thus : -
(dm*)2 = Kp t .     ( U )
Niobium i s  b e liev ed  by many in v e s t ig a to r s  to  obey t h i s  
p a ra b o lic  law a t  in te rm e d ia te  tem p era tu res  and i s ,  in  t h i s  r e s p e c t ,
in  harmony w ith  the o x id a tio n  behav iour of a spectrum  o f o th e r  m eta ls
such as 2n , Cu, Al, T i,Ta and W.
» »t
1 . Kp = Kp 
V
(2 ) (3 )(3 )*  The T ra n s i t io n  Hate Lav;
Many o x id a tio n  lav/s only ap p ly  f o r  a l im ite d  tim e , then  the  
mode o f o x id a tio n  e i t h e r  changes from one state  to another,or rem ains 
in  an in te rm e d ia te  p o s i t io n  between th e  two s t a t e s .  The change i s  
n o t in s ta n tan e o u s  bu t can o f te n  be reco rd ed  on a p lo t  o f the  
lo g a rith m  of the w eight g a in  ve rsu s  the log arith m  of the  tim e, and 
from the  curve the exponent n can be determ ined . The v a lu e  o f n 
i s  g e n e ra l ly  approx im ate ly  1 .5s thus the  equation  d e f in in g  the  
o x id a tio n  re a c t io n  i s
x1*5 = K t    . . . . . ( 1 5 )
( 61 )A ccording to  S t r in g e r ' ' t h i s  t r a n s i t io n  i s  no t n e c e s s a r i ly  ' 
a s s o c ia te d  w ith  a change in  mechanism fo r  the  o v e ra l l  r a t e  o f a 
p ro c e ss , c o n s is t in g  of a number o f co n secu tiv e  s te p s ,  i s  de term ined  
by th e  r a t e  o f the s lo w est s te p .  I f  th i s  s lo w est s te p  e v e n tu a lly  
becomes more ra p id  than  a n o th e r p ro cess  in  the  chain  th en  th i s  
l a t t e r  s te p  now c o n tro ls  the  o v e ra l l  r a t e .  However, th e  t r a n s i t i o n  
r a t e  i s  o fte n  in d ic a t iv e  o f a change.
The most common example of a r a te  t r a n s i t io n  i s  the change
from p a ra b o lic  to  l in e a r  k in e t i c s ,  and two types of r e a c t io n  a re  
( 61)notew orthy
1 . one in  which the  l in e a r  r a t e  c o n s ta n t depends on th e  
p a ra b o lic  r a t e  c o n s ta n t.
2 . one in  which i t  i s  independen t.
In  the  f i r s t  c a se , where the  p a ra b o lic  r a t e  i s  a s s o c ia te d  v /ith  the  
fo rm atio n  of a coheren t oxide la y e r ,  as  the  s c a le  th ic k e n s  th e  
i n t e r f e c i a l  s t r e s s  in c re a se s  and the s c a le  w i l l  e i th e r  f a i l  by
f r a c tu re  a t ,  o r o a r a l l e l  to ,  the  in te r f a c e ,  o r by sh e a r  o r  t e n s i l e
■ *  (61 )  f r a c tu r e  through the s c a le  la y e r  . The r a te  w i l l  th en  be w holly
determ ined by the  r a te  o f tra n s p o r t  th rough the u n fa ile d  oxide
la y e r .  S in ce , under s te a d y -s ta te  c o n d itio n s , th is  can be expected 
to  have a c o n s ta n t th ic k n e ss , averaged over the whole m eta l su r fa c e , 
the  o x id a tio n  w i l l  be l i n e a r .  The th ic k n e ss  a t  which the  oxide f a i l s  
i s  c a l le d  " th e  c r i t i c a l  th ick n ess"  and th e  dependence o f th e  l in e a r  
r a t e  c o n s ta n t on the  p a ra b o lic  c o n s ta n t i s  g iven  by S tr in g e r  as
K1 = Kp . w here, x  = the  th ic k n e ss  of th e  s c a le ,
x K1 = the  l i n e a r  r a te  c o n s ta n t .
In  the second case suppose a con tin u o u s, ad h e ren t la y e r  forms 
p a r a b o l ic a l ly ,  then  a f t e r  t im e , t ,a  r e a c t io n  i s  i n i t i a t e d  a t  the 
o x id e /g as  in te r f a c e  wherebye the s o l id  s c a le  r e a c ts  w ith  oxygen to  
g ive  a p o ro u s ,n o n -p ro te c tiv e  secondary la y e r .  This in te r f a c e  
r e a c t io n  i s  l i n e a r  and i s ,  acco rd in g  to  S t r in g e r ,  independent of the 
d if f u s io n  p ro cesses  th a t  c o n tro l  the p a ra b o lic  growth o f th e  adherent 
la y e r .
The o x id a tio n  of ti ta n iu m  i s  an example o f th e  type 1 , and 
tu n g sten  i s  an example of type 2. Niobium and tan ta lum  a re  
d i f f i c u l t  to  c l a s s i f y .  However, s in ce  the  low tem peratu re  p a ra b o lic  
r a te  i s  independent of oxygen p re s su re , and the  l in e a r  r a t e  c o n s ta n t 
i s  h ig h ly  dependent on p re ssu re  (K1 v a r ie s  w ith  p (0 ^ )2 ) ,  t h i s  
would seem to  in d ic a te  th a t  the r e a c t io n  of Nb and Ta w ith  oxygen 
i s  o f type 2 , w ith  the l in e a r  s te p  c o n s t i tu t in g  an in te r f a c e  re a c t io n  
unconnected w ith  the tra n s p o r t  through the ad h eren t la y e r
( 2 ) ( 3 ) ( 0 *  The P a ra l in e a r  Law.
Depending on the c o n d itio n s  o f tem peratu re  and p re s s u re ,  the 
p a ra b o lic  re g io n  i s  l im ite d  and te rm in a te s , v ia  a t r a n s i t i o n  law , 
in to  l in e a r  k in e t ic s .  This behav iour has been observed f o r  the  
o x id a tio n  of t u n g s t e n ^ h a f n i u m ^ ^ a n d  c e r i u m ^ ^ .  L o r i e r s ^ ^  
showed th a t  th e  tr a n s i t io n ,f ro m  the p a ra b o lic  to  the l i n e a r  r a t e  
law ,occurs  when the  prim ary  o x id a tio n  p roduct i s  a p ro te c t iv e  f ilm  
v/hich transfo rm s to  a porous f ilm  by ta k in g  up a d d i t io n a l  oxygen.
I t  i s  assumed th a t  d if f u s io n  a c ro ss  the in n e r  la y e r  de term ines the 
r a t e  o f m etal consum ption, and th a t  th i s  r a t e  i s  in v e r s e ly  pro  -  
p o r t io n a l  to  the  in n e r  s c a le  th ickness*  The r a te  of s c a lin g  w i l l  
th e re fo re  begin a t  a h igh  v a lu e , and d e c lin e  as th e  in n e r  s c a le  
th ickens*  V/hen the r a te  of m eta l consumption approaches the  r a t e  
o f fo rm ation  of the  o u te r? porous s c a le  the  in n e r  la y e r  m ain ta in s  a 
s ta t io n a r y  th ickness*  This com bination of p a ra b o lic  and l in e a r  
k in e t ic s  i s  c a l le d  th e  p a ra l in e a r  lav/, and may be d e sc r ib e d  by the  
e q u a tio n
x Kp . lo g  ’( Kp -  K1 ( x -  Kl» t ))•  . . . . . . . ( 1 6 )
To" K1
w here, x = m eta l consumed a t  time, t*
Kp s  p a ra b o lic  c o n s ta n t.
K1 = l i n e a r  r a t e  c o n s ta n t.
In  the  d e r iv a tio n  of the  eq u a tio n  i t  i s  assumed th a t  the  su rfa c e  
a rea  of the specimen rem ains unchanged th roughout the  re a c tio n *
K ofstad  and E sp e v ik ^ ^ ^ h in te d  th a t  niobium m ight fo llo w  th is
type of cu rv e , and P o u tr u s ^ ^ \v a s  ab le  to  show th a t  o x id a tio n  d a ta
f o r  d i l u t e  niobium /alum inium  a llo y s  was in  accord w ith  th e  L oriers*
mechanism* However, the  above r e s u l t s  a re  incongruous w ith  the  work
(37)o f Roberson and Rappw  • U sing a d e p o s it o f Cu^O, as an o x idan t 
on the  su rfa c e  of niobium , copper p a r t i c l e s  were found n ex t to  the 
m eta l su rfa c e  a f t e r  a p e rio d  of o x id a tio n . They th e re fo re  concluded
t
th a t  th e  L o rie rs  mechanism, w ith  i t s  c o n s ta n t th ic k n e ss  d i f f u s io n  
b a r r ie r ,c a n n o t  be ap p lie d  to  the  o x id a tio n  o f niobium . The L o r ie r s ’ 
mechanism re q u ire s  a g rad u a l change from p a ra b o lic  to  l i n e a r  k in e tic s ,  
o r look ing  a t  a w eight ga in  ve rsu s  time curve :~
( dm’ ) = ( dm* )
d t  (p a ra b o lic )  d t  ( l i n e a r ) .
Prom the l i t e r a t u r e  th is  does no t always seem to  be the  c a s e .
K o fs ta d P ^  i cu rv es  f o r  niobium a t  700°C show a g rad u a l t r a n s i t i o n
from p a ra b o lic  to  l in e a r  k in e t ic s  a t  low p a r t i a l  p re s su re s  o f 
oxygen, but above 10 to r r
Thus, th e re  rem ains doubt as to  w hether or n o t niobium obeys the 
L o r ie r s ' mechanism.
l i n e a r  k i n e t i c s , i n  the  i n i t i a l  s ta g e s  o f o x id a tio n , and c laim ed 
th a t  th i s  p e rio d  was a s s o c ia te d  w ith  the  d is s o lu t io n  o f  oxygen 
in  the niobium . G en era lly , l in e a r  k in e t ic s  are  observed a f t e r  the 
t r a n s i t i o n  p e rio d  when the growth of the  pentoxide s c a le  i s  phase 
boundary c o n t r o l l e d ^ ^ ”* ' '^ .
( 2 ) 0 0 -  INCREASING THE OXIDATION RESISTANCE.
( 2 ) ( O 0  )• Methods Proposed.
Many ro u te s  have been taken  to  improve the  o x id a tio n  r e s i s  -  . 
tan ce  o f niobium , and the  main ones a re
( a ) ,  in c re a se  the  p l a s t i c i t y  o f the  ox ide.
The o b je c t of th i s  method i s  to  p rev en t the  s c a le  from s p a l l in g .
(81 )B a r r e t t '  'added  a noble m eta l to  niobium , namely ir id iu m , and 
found , a f t e r  o x id a tio n , th a t  ir id iu m  was e lem en ta l in  th e  s c a le  as 
f in e  d u c t i le  p a r t i c l e s .  I t  was concluded th a t  the  improved 
o x id a tio n  r e s is ta n c e  o f the a l lo y  was due to  s o f t  p a r t i c l e s
( dm' ) 
d t  (p a ra b o lic )
( dm1) 
d t ( l i n e a r )
(2 ) (3 )(5 )*  The L in ea r R ate.
At low tem pera tu res and oxygen p re s su re s  H u rlen ' 'o b se rv ed
a llo w in g  some o f the  growth s t r a in s  in  the  s c a le  to  be accommodated.
(b ) .  decrease  th e  p o ro s i ty  in  the  s c a le .
I t  occurred  to  G o ld s c h m id t^ ^  to  h e a t niobium above the  f t  OC 
pen to x id e  tra n s fo rm a tio n , and therebye form a p rim ary  f i lm  o f d ense , 
Nb^O^. The niobium was then o x id ized  in  the tem peratu re  ra n g e . 
U n fo rtu n a te ly  th i s  p r io r  trea tm en t proved to  be u s e le s s .
B a r r e t t ^  ^oxid ized  n io b iu m /titan iu m  a l l o y s , - i n  the  tem peratu re  
range 1000-1200°0, and produced a measure of success  f o r  th i s  method, 
but i t  was fo r tu i to u s  s in ce  a l a r g e r  than  expected decrease  in  s c a lin g  
r a t e  could  be a t t r i b u t e d  to  c o n s o lid a tio n , and s in te r in g  o f the ox id e .
( c ) .  a d d it io n  of s tro n g  oxide fo rm ers.
The p r e f e r e n t ia l  o x id a tio n  of a s o lu te  was used in  the  developm ent
o f h e a t r e s i s t a n t  s t e e l s ,  and a s im ila r  approach w ith  niobium has
(h7)  (82)y ie ld e d  niobium /alum inium  'and  n io b iu m /tita n iu m ' 'a l l o y s .  In  th e se
l a t t e r  c a se s , and a t  c e r ta in  atom ic s o lu te  p e rc e n ta g e s , the aluminium
or tita n iu m  o x id ize  p r e f e r e n t i a l ly  to  produce p ro te c t iv e  s c a le s  of
h igh  alumina and t i t a n i a  co n ten ts  r e s p e c t iv e ly .  S t ip u la t io n s  f o r
th e  su ccess  o f th i s  method a re  f i r s t l y ,  th a t  the f r e e  energy of
fo rm a tio n .o f  the  s o lu te  oxide i s  g r e a te r  than th a t  o f the  niobium
o x id es,an d  seco n d ly , th a t  the oxide formed must rem ain p r o te c t iv e .
Sometimes th e  oxide s c a le  r e a c ts  w ith  the  so lv e n t oxide to
produce a s p in e l ,  and the  o x id a tio n  r e s is ta n c e  may be co rre sp o n d in g ly
(61 )in c re a se d , or d e c rea se d . S tr in g e r^  'r e f e r r e d  to  n ickel/chrom ium  
and iro n /n ick e l/ch ro m iu m  a llo y s  to  i l l u s t r a t e  th i s  p o in t .
(d ) .  r e l ia n c e  on the Wagner -  Hauffe r u le s .
These ru le s  w i l l  be s ta te d  l a t e r ,  bu t id e a l ly  the p r in c ip le  behind 
them i s  s t r a ig h t  forw ard and a t t r a c t i v e  s in ce  c o m p a ritiv e ly  l i t t l e  
e f f o r t  should produce o x id a tio n  r e s i s t a n t  a l lo y s .  O x ida tion  
e x p e r im e n ts^  , on z in c / l i th iu m  and zinc/alum inium  a l lo y s ,  p ro c la im  
th e  v a l id i t y  of the  h y p o th e s is , bu t th e re  a re  few good examples s in ce
th e  m a j o r i t y  e i t h e r  show  no e f f e c t ,  o r  a s l i g h t  im p rovem en t, w h ile  
o th e r s  i n d i c a t e  a d e t e r i o r a t i o n  in  o x id a t io n  r e s i s t a n c e .  The 
c a u s e s  o f  t h i s  c a n n o t be r i g i d l y  c a t e g o r i z e d ,  b u t low  s o l u b i l i t y ,  
i o n i c  r a d i u s ,  h ig h  P i l l i n g  and Bedw orth s t r e s s e s ,  p r e f e r e n t i a l  
o x id a t io n  and s p i n e l  fo r m a tio n  ca n  be d om inan t f a c t o r s  i n f l u e n c in g  
o x id a t io n .  N e v e r t h e l e s s ,  th e  r u l e s  ca n  be u se d  a s  a p o in t  o f  
r e f e r e n c e  from  w h ich  to  c o n s id e r  th e  d a ta  and h en ce  e s t a b l i s h  r e a s o n s  
f o r  th e  d e v ia t io n s  from  th e  H a u ffe  r u l e s .  Thus th e  r u l e s ,  and th e  
s u g g e s t io n s  th e r e fr o m , do n o t  p r o v id e  a p an acea  f o r  m e ta ls  w ith  
p o o r  o x id a t io n  r e s i s t a n c e ,  p a r t i c u l a r l y  p erh a p s f o r  n io b iu m  w h ich  
h a s a c o m p lic a te d  o x id a t io n  b e h a v io u r .
( e ) .  s u p r e s s io n  o f  th e  fo r m a tio n  o f  Nbo 0 _ .------------------------------------------------   2 -5 -
T h is  m ethod r e l i e s  on a l l o y i n g  a d d i t i o n s  in c r e a s in g  th e  s t a b i l i t y  
o f  th e  p r o t e c t i v e  NbO  ^ la y e r ,  and h a s b een  d e m o n s tr a te d , s u c c e s s f u l l y ,  
b y th e  o x id a t io n  o f  n io b iu m /a lu m in iu m  a l l o y s
( 2 ) ( 4 ) ( 2 ) .  C o a tin g s  f o r  N iob ium .
The b e s t  p r o t e c t i v e  c o a t in g s  d e v e lo p e d  s o  f a r  a r e  p rod u ced
(83)b y  s p r a y in g  a lu m in id e s ,  or  s i l i c i d e s ,  o n to  th e  n io b iu m  m e t a l '  • 
H ow ever, z in c  c o a te d  n io b iu m  show ed p ro m ise  b e lo w  1 0 5 0 °C . T h is  
l i m i t a t i o n  was due t o  th e  d e c o m p o s it io n  o f  th e  n io b iu m /z in c  i n t e r — 
m e t a l l i c  compounds a t  te m p era tu re s  in  e x c e s s  o f  1 0 5 0 °C .
An im p o r ta n t f e a t u r e  o f  many c o a t in g  sy s te m s  i s  t h a t  th e y
e x h i b i t  good  o x id a t io n  r e s i s t a n c e  a t  in t e r m e d ia t e  te m p e r a tu r e s ,  b u t
a t  lo w  te m p e r a tu r e s  a p p ea r  to  be u s e l e s s .  T h is  s e r i o u s  d is a d v a n t a g e ,
t o  a m ethod o f  p r o t e c t i o n  w h ich  seem ed a t t r a c t i v e ,  h a s  b een  l a b e l l e d  
/  \
b y K o fs ta d '  , p e rh a p s  e u p h e m is t i c a l ly ,  a s  a " c o a t in g  p e s t " .  
( 2 ) ( 0 ( 3 ) .  C ate g o r i z a t i o n  o f  th e  E f f e c t s  o f  A l lo y in g .
The a t te m p ts  to  l i s t  th e  e f f e c t s  e le m e n ts  h a v e  on th e  o x id a t io n
behaviour of niobium appear to  have l i t t l e  va lue  s in c e  so many 
anomalous e f f e c t s  e x i s t .  N e v e rth e le ss , the p o p u la r c la s s e s  a re
c a te g o r iz a t io n  based on the  f r e e  energy o f fo rm ation  
of the  so lu te  oxide compared w ith  th a t  f o r  the  s o lv e n t .
the  io n ic  s iz e  d if f e r e n c e s  between s o lu te  and s o lv e n t .
a com parison o f th e  w eight gain  p e r hour f ig u re s  of 
ox id ized  sam ples.
ad o p tio n  o f a system  of c la s s e s  to  d e sc r ib e  the
/ O r )
appearance of the o x id a tio n  product •
O ther c a te g o r ie s  e x is t  bu t th ey  a re  vague, and use term s such as  
good, f a i r  and poor to  d e l in e a te  the  o x id a tio n  behav iour o f the  a l lo y s .
(2 )(4 )(4 )*  The E f fe c t of A lloy ing  A dditions as P re d ic te d  by the  
Hauffe R ules.
(74) (84)For the  Wagner-Hauffe p r in c ip le s  ' t o  ap p ly  the oxide
must be a sem i-conducto r, i . e 5 c o n ta in  d e fe c ts  r e s u l t in g  from 
d e p a r tu re  from s to ic h io m e try , and th a t  the s o lu te  and so lv e n t atoms 
a re  a homogeneous s o lid  so lu tio n  in  the  m e ta l l ic ,  and oxide s t a t e s  •
1 (61 )S tr in g e rs  p aper i s  w e ll documented w ith  examples o f  the  
Wagner-Hauffe r u l e s ,  an example o f which i s  the  o x id a tio n  of 
ti ta n iu m  to  g ive an n - ty p e , an ion  d e f f i c i e n t ,  ox ide . The s c a le  
form ing re a c t io n ,  and the d e fe c t in je c t in g  r e a c t io n ,  both  occur a t  
th e  m e ta l/o x id e  in te r f a c e  thus : -
Ti ( m e t a l ) T i 0 2 + 202d  + 4 e "  . . . . ( 1 7 )
2-
w here, 0 0  re p re se n ts  doubly  io n ized  oxygen v a ca n c ie s .
The d e fe c ts  then  d if fu s e  to  th e  ox ide/ox ide  in te r f a c e  where th e y  
a re  e lim in a te d .
( a ) .
■(b).
(o).
(a ) .
02“ --*■ 02“ (o x id e /0 2 i n t e r f a c e )  . . . . ( 1 8 )
02 “ + i 0 2 + 2e” — ^ 02 " ........................• • (1 9 )
The c o n c e n tra t io n  of the  an ion  vacanc ies  a t  the oxide/oxygen 
in t e r f a c e  i s  v e ry  sm all ,  provided th a t  the  oxygen p re s su re  exceeds 
the  e q u i l ib r iu m  p re s su re .  According to  the  Lav/ of Mass A ction , and 
u s in g  equ a tio n  (1.7), the  fo llow ing  r e l a t i o n s h ip  may be de r ived
(02~ )(e*")^ — c o n s ta n t  . . . . . . . • • • • • • ( 2 0 )
Thus i t  can be seen th a t  t h i s  p rocess  i s  independent of oxygen
p re s su re .  I t  i s  poin ted  c u t th a t  a s im i la r  ex p ress io n  i s  ob ta ined
i f  Nb_0 i s  t r e a t e d  as an n -type  semiconductor w ith  doubly charged , 
2 5
oxygen v acan c ie s .
The Wagner-Hauffe hypo thesis  s t a t e s  t h a t  i f  a donor im p u r i ty ,
or a l lo y in g  element of g re a te r  va len cy  than t i ta n iu m ,  i s  added i t
w i l l  in c rease  the  co n ce n tra t io n  of e le c t ro n s  in  the  conduction
2 *■band. This w i l l  d ecrease  (0 ” ) ,  and hence the  r a t e  of o x id a t io n  
w i l l  d ecrease . Many examples s im i la r  to t h i s  can be found in  the  
l i t e r a t u r e ,  bu t S t r i n g e r ^ ^ h a s  ta b u la te d  the e f f e c t s  as  fo llow s
Table 8. ■
Summary of the P re d ic t io n s  of the  Y/agner-Hauffe H ules.
Product d e fe c t examples e f f e c t  of 
h ig h e r  
va lency  
c a t io n s  on 
r a t e
examples
semi - n-type vacancies Ti02 ,Nb203 decrease 7/ in  Ti02
Met. i n t e r s  tits* ZnO decrease A1 in  ZnO
conduct. p - ty p e M et.vacanc ies . Cu20,Ni0 decrease Or in  NiO.
0^ i n t e r s t i t s . Nb02 in c re ase -
c a t io n ic G at.vacanc ies Ag3r decrease Gd in  AgBr
. io n ic Gat i n t e r s t i t . in c re a se -
an ion ic A n.vacancies . - in c re a se -
conduct. A n . i n t e r s t i t s - decrease -
mg 
ho
ur
R9.4.
Weight gain per hour plotted against ionic radius
a t IOOO C for I a t° /o  alloying element.
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At 5at°/p Fe,Co, Si, Ti, cross into section 4 . and Ta.V 
move into section 2 .
[figures taken from Tech of Cb (Nb) ~C. Barrett]
I f  i t  i s  assumed th a t  the  p a ra b o l ic ,  or p ro te c t iv e  ra n g e ,  during  
the  o x id a t io n  of niobium i s  c o n t ro l le d  by the  HbO  ^ I aye r > then 
acco rd in g  to  the Hauffe r u le s  a d d i t io n s  of lower v a len c y  ions  than 
Nb should lower the  o x id a tio n  r a t e  of niobium* Many a l lo y in g  
elem ents  added to niobium q u a l i fy  f o r  t h i s  r o l e ,  but no d e f i n i t e  
r e p o r t  can be found in  the  l i t e r a t u r e  t h a t  s t a t e s  t h a t  improvraent, 
o r  d e t e r i o r a t i o n ,  of the  ox ida tion  r e s i s t a n c e  i s  due s o l e l y  to  the 
Wagner-Hauffe model. I f  th e re  i s  an e f f e c t  then i t  has probab ly  
been overwhelmed by the m u lt i tu d e  of o th e r  fa c to rs ,m en tio n ed  e a r l i e r ,  
v/hich could have had a more profound in f lu en ce  on the  o x id a tio n  
behaviour*
( 2 ) ( 0 ( 5 ) »  Ihe E ffec t  of Io n ic  Radius.
C 8 "7 ^Huddle e t  a l  s t a t e d  th a t  ap p re c ia b le  s o l id  s o l u b i l i t y
in  io n ic  c r y s t a l s  does no t occur u n le ss  the  ion  s iz e s  do no t
d i f f e r  by more than 15 7° , and the  ions have s im i la r  v a len c ie s*
The s iz e s  of the ions d is so lv e d  in  the  Hb^O^ a re  not knov/n e x a c t ly ,
but i t  i s  s a id  th a t  elements p o sse ss in g  a fav o u rab le  io n ic  s i z e ,
and which d is so lv e  in to  the pen tox ide , o f f e r  some p r o te c t io n .  For
example, T i^+ has a s im i la r  io n ic  s iz e  to Nb 0 , i s  s o lu b le  in  Nb90,_
b/pcS o
and o f f e r s  good p ro te c t io n  to  niobium. B a r r e t t  'm ain ta ined  th a t
the s iz e  of the  m etal ion  in  the  oxide appears  to  be the  c o n t r o l l i n g
f a c to r s  in  de term in ing  whether an a d d i t io n  v / i l l  be b e n e f i c i a l .  His
r e s u l t s  v/ere taken ,and  weight ga in  f ig u r e s  were p lo t t e d  a g a in s t
the  io n ic  r a d iu s  of the r e s p e c t iv e  a l lo y in g  elem ent. F igure  4*
This g ives  some in d ic a t io n  t h a t  io n s  much s m a l le r ,  o r  l a r g e r ,  than
niobium a c c e le r a te  o x id a t io n .  Aluminium appeared to  be anomolous,
bu t B a r re t t  reasoned  th a t  p r o te c t io n  r e s u l t e d  from a second phase ,
(as \
Al^O^, being on the  s u r fa ce .  Douglass 'found t h a t  g e n e r a l ly  the  
l a r g e r  the ion  added to Nb^O .^, the  sm a l le r  becomes the  a c t i v a t i o n  
energy  re q u ire d  f o r  oxygen d i f f u s i o n .  I t  was hypo thesized  th a t  the
I t
sm a l le r  ions caused the l a t t i c e  to  c o n t r a c t ,  and th a t  the  s a d d le ” 
p o in t  through which oxygen ions must pass i s  narrowed. A l a r g e r
amount of energy would therebye be re q u ire d  to  in c re a s e  the therm al
v ib r a t io n s  in  o rd e r  f o r  the d i f f u s in g  ions to  squeeze through the
’’sad d le ” point* However, from the  H auffe . r u l e s , ions  with, a
54-va len cy  l e s s  than Hb should in c re a se  the number of oxygen ion  
v aca n c ie s ,  and hence in c rease  the  r a t e  of o x id a t io n ,  but i t  was 
found th a t  lower va lency  ions g e n e ra l ly .d e c re a s e d  the  o x id a tio n
(as)
ra te *  I t  was a rg u ed ' ' t h a t  to account f o r  a decrease  in  d i f f u s io n  
w ith  in c re a s in g  vacancy c o n c e n tra t io n ,  the m o b i l i ty  o f  the  d e fe c ts  
would have to  be reduced to  an e x te n t  which su rpassed  the excess 
vacanc ies  in tro d u ced  by the  lower va lency  ca tions*  K u b a sc h e w s k i^ ^  
conside red  the  opposite  view* He surmized a t  the  p o s s i b i l t y  of a 
la rg e  atom, o r  io n ,  a f fo rd in g  p ro te c t io n  by being i n e r t  a t  the 
m e ta l /o x id e  in te r fa c e *  He r e f e r r e d  to  such an ion as d i l u t i n g  
the  su r fa ce  of the  a l lo y .  Since th i s  ion  would no t take p a r t  i n  the 
ox id a tio n  r e a c t io n ,  i t  could  reduce the  volume s t r e s s e s  a t  the  
i n t e r f a c e ,  and improve adhesion  as a r e s u l t*  He f u r th e r  added th a t  
the  ion  of the  so lu te  should be la rg e  to make i t  l e s s  s o lu b le  in  
the  su r fa ce  oxide*
I t  i s  r e le v a n t  to  note  th a t  the  io n ic  r a d iu s  e f f e c t  has been
d i r e c te d  a t  the  Nb_0_ .whereas r e s u l t s  have shov/n th a t  o x id a t io n2 5
p ro te c t io n  i s  a t t r i b u t a b l e  to  an HbO  ^ layer*  However, i t  would
seem th a t  an ion  of unfavourab le  s iz e  in  the  Hb_0_, le a d in g  to2 5
unfavourable  behaviour, may a lso  produce a s im i la r  e f f e c t  in  the 
oxide,NbO^.
(2 ) (4 ) (6 )*  The H ffec ts  of A lloy ing  A dditions  on the  Contamination 
zone.
(21 )Klopp e t  a l  used P ic k ’s lav/ to  ana lyse  t h e i r  oxygen 
con tam ination  f ig u re s  which they had ob ta ined  from pure  niobium, 
and niobium a l lo y s .  The r e s u l t s  shov/ed t h a t  t i tan iu m ,z irc o n iu m  
and vanadium were e f f e c t i v e  in  reduc ing  the  r a t e  of d i f f u s i o n
( 17 )
of oxygen in to  the a l l o y .  P o u tru s '  r e p o r te d  a s im i l a r  b e n e f i c i a l
e f f e c t  w ith  c e r t a in  a d d i t io n s  of aluminium, and used Wlodek's 
ex p lan a tio n  th a t  aluminium and vanadium, both sm a lle r  than  niobium, 
d ecreased  the l a t t i c e  param eter of niobium , and a l s o  reduced  the 
o c tah e d ra l  space a v a i l a b le  f o r  the i n t e r s t i t i a l  s o lu t io n  o f  oxygen.
In fe re n c es  t h a t  can be.drawn from the  above work a re  l im ited  
due to  the  lack  of in fo rm atio n  concerning  the e f f e c t  s o lu te  atoms 
have on the  l a t t i c e  geometry of niobium.
( 2 ) ( 4 ) ( 7 V  The E f f e c t  of Alloying A dditions  on Sub-Oxides.
The occurrence o f  sub-oxides in  niobium has been p re v io u s ly
d is c u s se d ,  and i t  was concluded th a t  they  a re  only  s t a b l e  a t  low
oxygen p re s su re s  and tem peratures  below approx im ate ly , 600°CJ.
( 2.7 ^
However, Poutrus 'observed  th a t  in  niobium/aluminium a l lo y s  sub­
oxides were s ta b le  a t  800°C and in  d i l u t e ,  two phase a l lo y s  up to  
700°C. The sub -o x id es ,  accord ing  to  S h e a s b y ^ ^ ,  could  p o s s ib ly  
a c t  as c rack  promoters and thus le ad  to  a more ra p id  o x id a t io n  of 
the  niobium. V/ith t h i s  in  mind i t  would seem th a t  the  s t a b i l i z a t i o n  
o f  the  sub-oxides by the  a d d i t io n  o f  an e lem ent,such  as  aluminium, 
i s  u n d e s i r a b le .  This i s  s u b s ta n t ia te d  by Cox and M i l l e r ^ ^ s i n c e  
t h e i r  work, v/ith d i l u t e ,  s o l id  s o lu t io n  niobium/aluminium a l lo y s ,  
showed th a t  in  the range 600-800 C, w ith in  the  range o f  s t a b i l i t y  
o f  the  sub-oxides r e p o r te d  by P o u tru s ,  the  o x ida tion  r a t e  was 
a c t u a l l y  in c re a se d .  However a t  1000°G, approx im ate ly  the  tem perature  
a t  which the p la te le ts  d isap p ea red , th e re  was a s l i g h t  d ec rea se  in  
the  o x id a tio n  r a t e .
( 2 ) ( 4 ) ( 8 ) .  The E f f e c t  of A lloying A dditions  on the  Sub-S cale .
Various a u t h o r s M a i n t a i n  th a t  the  p a ra b o l ic  law 
d isp lay ed  by the o x id a tio n  of niobium was a s s o c ia te d  w ith  the
d i f f u s io n a l  growth of a p r o te c t iv e  NbO  ^ s c a l e * The s c a le  f a i l e d  
a f t e r  a c r i t i c a l  tim e, and a t r a n s i t i o n  r a t e  was sometimes observed 
befo re  the  o x id a tio n  r e a c t io n  became l i n e a r .
A means of in c re a s in g  the  ox id a tio n  r e s i s t a n c e  of a m a te r i a l  
i s  to  in c re a se  the  time to  th e  t r a n s i t i o n  r a t e .  This could be 
achieved  by in c re a s in g  the c r i t i c a l  th ic k n e ss ,  o r  d e c rea s in g  the  
r a t e  o f  oxygen d i f f u s io n  and hence growth o f the s u b -sc a le .  In  the 
case  of niobium, the  former may be a t t a in e d  by an a l lo y in g  a d d i t io n  
whose oxide would form a lower m e lt in g  p o in t ,  s o l id  s o lu t io n  v/ith 
the  NbO^. Creep i s  a fu n c t io n  of the  m elting  p o in t ,  and i f  the 
oxide found i t  e a s i e r  to  deform by c reep , as a r e s u l t  of an a l lo y in g  
a d d i t i o n ,  then the  P i l l i n g  and Bedv/orth s t r e s s e s  a t  the  in te r f a c e  
may be accommodated and the oxide allowed to grow to  a g r e a te r  
th ick n ess  before  f a i l u r e .  No measurements a re  a v a i l a b le  to  t e s t  
the  v a l i d i t y  of t h i s  p o s s i b i l t y .  In  the  l a t t e r  c a s e ,  re d u c t io n  in  
the  p a ra b o l ic  r a t e  c o n s ta n t  could be achieved i f  the  Y/agner -Hauffe 
r u l e s  were obeyed. This would co rre sp o n d in g ly  reduced the e x te n t  
o f o x id a tio n .
(2 ) (4 ) (9 )*  The E f f e c t  of A lloying  A dditions on the  K in e t ic s .
-The o b je c t  of a l lo y in g  i s  to  ach ieve  the low est p o s s ib le  
o x id a t io n  r a t e  commensurate w ith  advantageous m echanical p r o p e r t i e s .  
This i s  o f ten  d i f f i c u l t  to  achieve  s in ce  a lthough  the  o x id a t io n  
r e s i s t a n c e  of niobium was in c re a s e d ,  by the a d d i t io n  of aluminiurl^J^ 
a r e s t r i c t i o n  on the  e x te n t  of a l lo y in g  was imposed by the  
appearance of b r i t t l e ,  i n t e r n e t a l l i c ,  niobium/aluminium compounds.
Most o x id a t io n  r e a c t io n s  have a pe r io d  of c u b ic ,  o r  p a r a b o l ic  
behaviour before  the  t r a n s i t i o n ,  or l i n e a r  , r a t e  lav; a p p l i e s .  I f  
the  r e a c t io n  i s  i n i t i a l l y  l i n e a r  however, a l lo y in g  may be designed  
to  ren d e r  i t  p a ra b o l ic  with the  low est p a ra b o l ic  c o n s ta n t  and thus  
f l a t t e n i n g  the pa rabo la  towards the  time a b s c is s a .  This 
dem onstrated when t i ta n iu m , and chromium, were added to  niobium •
(91)Sisco  e t  a l  '  cata logued the e f f e c t s  a d d i t io n s  have on the  
ox id a tio n  behaviour of niobium, and V o i to v ic h ^  ^sum m arized the  
r e s u l t s  he ob ta ined  by a p lo t  of weight g a in  versus  the  amount of
the s o lu te  added# , .
Yfaether o r  not niobium obeys the p a ra b o l ic  o x id a t io n  lav/
depends on the  tem peratu re , oxygen p a r t i a l  p re s s u re ,  or hum id ity
ran g es ,  in  which i t  i s  o x id iz e d ^ ^  ^ 3 6 ) ( 5 4 )  an£ a i s0 on the  su rface
(36)c o n d i t io n  of the  m etal . The d u ra t io n  of the law i s  s h o r t  s ince
a t  450°C, and 0#1 atmospheres of oxygen p re s s u re ,  the  p e r io d  of
(92)p r o te c t io n  was only approx im ate ly  twenty minutes . However, an
a d d i t io n  of 12 w t*}o aluminium allow ed  a p r o te c t iv e  oxide to  be
m ain ta ined  f o r  7 hours a t  1085°C^^^* Other m eta ls  possess  a l a r g e r
p a ra b o l ic  growth tim e, but in  the  case  of z irconium  the  p re c is e  time
a t  which f a i l u r e  occurs can vary# For c o n s t r u c t io n a l ,  and des ig n ,
purposes  a p r e d ic ta b l e  time of onset of the l i n e a r  r a t e  i s  r e q u i r e d ,
and t h i s  has been a c h ie v e d ,fo r  z ircon ium , by a sm all a d d i t io n  of 
(61 )t i n  * This type of s i t u a t i o n  has n o t been r e a l i z e d  f o r  niobium
y e t  s in ce  no a d d i t io n  has been r e a l l y  su c c e ss fu l  in  in c re a s in g  the
s t a b i l i t y  of the  p r o te c t iv e  NbO  ^ to a p o in t  where i t s  o x id a t io n ,  *:
to  the  n o n -p ro te c t iv e  homologue, Nb^O^, i s  p rev en ted ,  or c o n s id e ra b ly
delayed* Thus, a lthough  some advance towards t h i s  goa l has been made
by u s in g  sm all a d d i t io n s  of aluminium and t i ta n iu m , th e  s u p re s s io n
of the  form ation  of the  pen tox ide , and the  r e s u l t a n t  onse t of the
l i n e a r  k i n e t i c s ,  i s  n o t  long enough f o r  many s t r i n g e n t ,  te c h n ic o —
lo g i c a l  app lica tions  such as space resea rch#  This i s  d isap p o in tin g ,
and a l s o  t h e o r e t i c a l l y  awkward s in ce  most of the  th e o r ie s  o f
o x id a tio n  a re  only v a l id  f o r  pure m eta ls  and d i l u t e ,  s o l id  so lu t io n s*
Thus, i f  s u p re s s io n ,o r  p r o te c t io n ,  l i e s  in  the  realm  of m u lt ip h ase
a l lo y s  then success  w i l l  be em pirical*  P robab ly  w ith  t h i s  i n  mind 
(61 )S t r in g e r  f o r e c a s t s  th a t  m eta llog raphy , and the e le c t ro n  -  probe 
ra ic ro an a ly se r ,  could be capab le  of p ro v id in g  the answer#
( 2 ) ( 4 ) ( 1 0 ) .  The E f fe c ts  of S o lu te s  on N uc lea tion  and Growth.
I t  i s  perhaps r e le v a n t  to  note th a t  au th o rs  do not c o n s id e r  a t
l e n g th  the  oxide spo ts  t h a t  they  observed, on niobium, p r i o r  to  
breakaway o x id a t io n .  They sim ply  commented th a t  the sp o ts  were 
w hite  and small* However, the  o b serva tion  th a t  the  growing oxide 
p a r t i c l e s  were w hite  would sugges t  th a t  they  were n e a r  s to ich ie rn e tr ie  
pentoxide s in ce  NbO^, an^ non"S to ich io m etr ic  ^ 2 ^5 * a re  ^ la c k /g re y  
and dark  g rey  r e s p e c t iv e ly .  Only s to ic h io m e t r ic  ^ 2^5 
This le ad s  to  the  p o s s i b i l i t y  th a t  : -
1 . the  oxide spo ts  were near s to ic h io m e t r ic  ^ 2^5 Srow -^nS 
on a su b -sca le  of n o n -s to ic h io m e tr ic  Nb_0_. I f  t h i s  was
2 5 ( 2 4 )the  case  then i t  would be in  agreement w ith  Goldschmidt •
He m ain ta ined  th a t  the su b -sc a le  on niobium was a form of 
pen tox ide .
2 . the  white  sp o ts  were near s to ic h io m e t r ic  com position , and 
were growing on a b lis tered , HbO  ^ su b -sc a le  where the  
fo llow ing  r e a c t io n  was o ccu rr ing  r -
o2
NbOg ^ 9^  (n ea r  s to ic h io m e t r ic  com p.)
/ 38 )This may be concluded from Sheasby 's  work on niobium.
3* the  white sp o ts  were evidence of a secondary growth
r e a c t io n ,  the f i r s t  being the  growth o f n o n -s to ic h io m e tr ic  
pen to x id e ,  and the second, the  growth o f s to ic h io m e t r ic  
pen to x id e .  Thus
°P °9NbO  ^ *— Hb^O^ ( n o n - s t o i c . ) ( s t o i c h . )
The t h i r d  p o s s i b i l i t y  appears  to  be the  most a t t r a c t i v e  s in c e  i f
the  w hite  spo ts  were s t o i c h i  o n e tr ie  Nb_0 _, and the oxide a d ja c e n t2 b
to  the  m eta l was NbO^, then i t  v/ould be h ig h ly  u n l ik e ly ,  in  view
of the f a c t  th a t  NbgO^ - can ^ave a v a r ia b le  oxygen c o n te n t ,  t h a t
s to ic h io m e t r ic  Hb_0 _ v/ould r e s id e  d i r e c t l y  ontop of Nb0o w ithou t 2 b 2
th e re  being some d e v ia t io n  from s to ic h io m e try  near the  NbO^*
U n fo r tu n a te ly  no re fe re n c e  can be found concern ing  the  e f f e c t s  
o f  a l l o y  a d d i t io n s  on the  n u c le a t io n ,  and growth, o f  th e se  sm a ll ,  
w hite  p ro tru b e ran c es .  However, judging  from the e f f e c t  im p u r i t ie s  
can have on n u c lea c t io n  occurring  in  v a p o u r /s o l id ,  l i q u i d / s o l i d
o r  s o l i d / s o l i d  systems i t  i s  suggested th a t  a l lo y in g  a d d i t io n s
to  niobium may a l t e r  the  p a t t e r n  of n u c le a t io n ,  and growth,- of the 
oxide spots*
( 2 ) ( 5 ) .  SHORT CIRCUIT DIFFUSION*
( 2 ) ( 5 ) 0 )• A p p lica t io n  to  O xidation .
The mechanisms o f m a te r i a l  t r a n s p o r t  a c ro ss  the s c a le s  
produced on niobium, and i t s  a l l o y s ,  a re  no t unders tood , b u t the  
in c re a s in g  knowledge concern ing  d i f f u s io n  through bulk oxides may 
prov ide  some of the answers.
Grain boundary d i f f u s io n  in  oxides i s  no t so w e l l  understood 
as  i t  i s  in  m e ta ls ,  f o r  in  m eta ls  i t  has been e s ta b l i s h e d  t h a t  
g ra in  boundaries  can have a co n s id e rab le  e f f e c t  on d i f f u s io n  r a t e s .  
G en era l ly ,  the e f f e c t  i s  s i g n i f i c a n t  a t  tem peratures  below the 
Tammann tem pera ture , i . e ,  two th i r d s  the  m e lt in g  p o in t ,  i n  °A, of
( RJi ^the  p h ase '  • The a c t i v a t i o n  energy f o r  g ra in  boundary d i f f u s io n
i s  approx im ate ly  a h a l f  t h a t  of l a t t i c e  d i f f u s io n .  P u b lish ed
in fo rm atio n  i s  l im ited  concerning  g ra in  boundary d i f f u s io n  in  bulk
ox id es ,  but i t  i s  l i k e l y  th a t  i t  w i l l  be, in  some ways, s im i l a r
to  t h a t  in  m e ta l s '  • I t  i s  th e re fo re  suggested  th a t  g ra in
boundary d i f f u s io n  w i l l  become more im portan t a t  lower tem pera tu res ,
and th a t  the s iz e  of the  oxide c ^ s t a l s  w i l l  e f f e c t  the  d i f f u s io n
value s in c e  the  sm alle r  the  c r y s t a l s ,  the  g r e a t e r  the p ro p o r t io n
(97)of g ra in  boundary m a te r ia l .  I r v in g  'made an a ttem pt to  a s s e s s ,  
q u a l i t a t i v e l y ,  the s ig n i f ic a n c e  of g ra in  boundary d i f f u s io n  
during  o x id a t io n .  His r e s u l t s  in d ic a te d  th a t  g ra in  boundary d i f f u s io n  
can make im portan t c o n t r ib u t io n s  to  measured weight g a in s ,  and t h a t  
the r a t e  law i s  dependent upon g ra in  s iz e  and i s  no t c o n s ta n t  w ith  
tim e. Under c e r t a in  c o n d it io n s  g ra in  boundary d i f f u s io n  can g ive  
a spectrum of r a t e  laws, rang ing  from lo g a r i th m ic ,  cub ic  to  
p a ra b o l ic .  He suggested t h a t  many so c a l l e d  d e v ia t io n s  i n  o x id a t io n  
s tu d i e s ,  a t t r i b u t e d  to  a change in  a c tu a l  growth mechanism, may in  
p a r t ,  be due to  g ra in  boundary d i f f u s io n .  I r v in g  a lso  c o n s id e re d
the  e f f e c t  a d d i t io n s  may Jhave on g ra in  boundary d i f f u s io n ,  and 
m ain ta ined  th a t  minor a d d i t io n s  may a f f e c t  g ra in  boundary d i f f u s io n  
c o e f f i c i e n t s  r a t h e r  than bulk  d i f f u s io n  c o e f f i c i e n t s ,  and t h a t  f o r  
v a r i a t io n s  of about 0.01 ;•» of a nominal 1 ~,b a d d i t io n  could  produce 
a v a r i a t i o n  in  the o x id a tio n  r a t e .  He considered  th a t  the  v a r i a t i o n  
could be as  much asa  f a c t o r  Of two i f  g ra in  boundary s e g re g a t io n  
was h igh . In  conclusion  he s a id  th a t  the  e f f e c t s  of im p u r i t i e s ,  or 
some sm all a l lo y in g  a d d i t io n ,  in a l t e r i n g  o x id a tio n  behaviour a re
( a  )
due to  t h e i r  in f lu en ce  on the morphology of the  oxide . Kofstad^"' 
b ro ad ly  d iscu ssed  s h o r t  c i r c u i t i n g  as a f a c to r  in  oxide growth, bu t 
the  s ig n i f ic a n c e  o f  i t  was c l e a r  enough to draw a t t e n t i o n  to  the  
p o s s i b i l i t y  of i t  p la y in g  a r o le  in  o x id a tio n  s tu d ie s .
Thus i t  may be p o in ted  out t h a t  s in ce  many o x id a t io n  ex p e r i  -  
ments a re  performed belov/ the Tammann tem perature  of the  ox ide , then  
d i f f u s io n  in  the  oxide i s  l i k e l y  to  be s u s c e p t ib le  to  g ra in  boundary 
in te r f e r e n c e .  S ince d i f f u s io n  i s  o f ten  r a t e  c o n t r o l l i n g ,  then  the  
o x id a t io n  r o t e  of a m eta l ,  or a l lo y ,  could  be a f fe c te d  by g ra in  
boundaries  in  the  ox ide .
( 2 ) ( 6 ) .  th e  m o B ir a /c p p p sa  eH JiiiiiH n;;.; d ia s r a k .
The Valency and Atomic Diameters of Niobium and Oopper.
o o
The 3tomic d iam eters  of these  two m eta ls  o re  1 .45  A and 1 .28  A
r e s p e c t i v e l y ^ ^ \  The percen tage  d i f f e r e n c e  i s  th e re fo re  11.75*
5+ 4+ 2+The va lency  o f niobium i s  commonly d isp la y e d  as Nb , Nb , Nb” and
.4.
t h a t  of copper as Cu » T he ir  r e s p e c t iv e  io n ic  r a d i i  a re  0 .7 ,  0*7, 
0
0*72 and O.96  A.
( 2 ) ( 6 ) ( 2 ) .  P r e d ic t io n  of the  S o l id  S o lu t io n  Range.
I t  i s  to  be expected th a t  the s o l u b i l i t y  of cooper i n  niobium
0-5)w i l l  be sm all .  Prom the  Hume Rothery r u l e s  of a l lo y in g  i t  seems
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t h a t  th e  s i z e  e f f e c t ,  and th e  r e l a t i v e  v a le n c y  e f f e c t ,  w ou ld  be th e  
p r i n c i p a l  f a c t o r s  g o v e r n in g  th e  e x t e n t  o f  th e  te r m in a l  s o l u b i l i t y  
of c o p p e r  in  n io b iu m . A lth o u g h  th e  co p p er -a to m  i s  s m a l l e r ,  by 1 1 * 7 5 ^ , 
th an  th e  n iob iu m  atom  i t  i s  s o  c l o s e  to  th e  n o m in a l 15 %  g iv e n  by  
Hume R o th e r y  th a t  an e x t e n s iv e  ra n g e  o f  s o l i d  s o l u b i l i t y  w ou ld  be 
u n l i k e l y ,  The r e l a t i v e  v a le n c y  e f f e c t ,  w h ich  s t a t e s  t h a t  a m e ta l  
of h ig h e r  v a le n c y  i s  more l i k e l y  to  d i s s o l v e  to  a la r g e  e x t e n t  in  
one o f  a lo w e r  v a le n c y  th a n  v i c e  v e r s a ,  i s  a l s o  a g a i n s t  a la r g e  s o l i d  
s o l u t i o n  r a n g e ,
(2 ) (6 ) (3 )»  I n fo r m a t io n  from  the  L i t e r a t u r e ,
In form ation  in  the  l i t e r a t u r e  i s  sp a rse  concern ing  the  n iobium /
( 1 2 )c o p p e r  s y s te m . H ow ever, P op ov ' i n v e s t i g a t e d  th e  sy s te m  u s in g  
m e ta l lo g r a p h y , x - r a y  t e c h n iq u e s ,  th er m a l a n a l y s i s ,  h a r d n e ss  and  
r e s i s t i v i t y  m ea su rem en ts . He c o n s tr u c te d  th e  e q u il ib r iu m  d ia g ra m , 
shown i n  F ig u r e  5 > and c o n c lu d e d  th a t  t h e r e  e x i s t e d  a p e r i t e c t i c  
r e a c t i o n ,  a t  th e  c o p p e r  r i c h  end o f  th e  d ia g ra m , t h a t  th e  s o l i d  
s o l u b i l i t y  o f  co p p er  i n  n iob iu m  was 8 w e ig h t  •%  a t  200°G , and  th a t  
th e  s o l u b i l i t y  o f  n io b iu m  in  co p p er  was 0 ,2  w e ig h t  /  a t  2 0 ° 0 ,  H is  
d ia g ra m  a l s o  f e a tu r e d  a m o n o te c t ic  r e a c t i o n  a t  1550°G  and 4 3  w e ig h t  
%  c o p p e r . H ow ever, E l l i o t ^  ^ m a in ta in e d  th a t  th e  l i q u i d  
i m m i s c i b i l i t y , i n  th e  c o m p o s it io n  r e g io n  7 0 -8 5  a to m ic  ? o  c o p p e r ,  w ith  
th e  1550 0  in v a r ia n c y  r e p r e s e n t in g  th e  m o n o te c t ic  te m p e r a tu r e , n e e d s  
r e - i n v e s t i g a t i n g .  He h e ld  th a t  P o p o v 's  d a ta  m ust be d i s t o r t e d  to  
p ro d u ce  th e  m o n o te c t ic  r e a c t io n  b u t v/as u n a b le  t o  g i v e  a s a t i s f a c t o r y  
a l t e r n a t i v e ,  E l l i o t ' s  d iagram  i s  shown in  F ig u r e  6 ,
(2)(.7)» P3SViaT5 WORK.
( 2 ) ( 7 ) 0  )•  ‘The R ea so n s f o r  th e  A d d it io n  of' Copper t o  N iob iu m .
T hroughout th e  l i t e r a t u r e  th e r e  a p p e a rs  to  be tw o m eth ods o f
approach to  the  s e l e c t i o n  of a p o ss ib le  a l lo y in g  element f o r  niobium 
in  o rder th 3 t  i t s  o x id a t io n  r e s i s t a n c e  may be a m e l io ra ted .  These 
methods a re  : -
1 . a comprehensive s tu d y  of many b in a ry ,  and some t e r n a r y ,/Or'l
system s. B a r r e t t  e t  a l^  screened  the P e r io d ic  Table in  
an a t tem p t to  in d ic a te  the b in a ry  a l lo y s  t h a t  might 
w arran t f u tu r e  s tu d y . They chose elements t h a t  d is so lv e d ,  
to  some e x te n t  a t  l e a s t ,  in  niobium s in ce  s o l i d  s o lu t io n s  
have g e n e ra l ly  a b e t t e r  o x id a tio n  r e s i s t a n c e  than two 
phase a l l o y s .
2 . to  s e l e c t  an a d d i t io n  by p r e d ic t io n .  Often such 
p re d ic t io n s  a re  based on the  f r e e  energy  o f fo rm ation  o f 
the  so lu te  oxide compared to  t h a t  f o r  the  s o lv e n t .
Copper was an a d d i t io n  a r r iv e d  a t  by method 1. However, i t  was
q u ick ly  d isca rd ed  because the  e f f e c t  i t  had on niobium was
d e t r im e n ta l .  The reaso n  f o r  the f a i l u r e  of copper to  c o n fe r  a
b e n e f i c i a l  e f f e c t  i s  no t known,but the work annuls Kubaschewski 
(A3)and Hopkin*s' argument t h a t  copper may w e ll  be a fa v o u rab le
a d d i t io n  to make to niobium. Ir id ium  and o th e r  noble m e ta ls  added
to  niobium were found to  be in co rp o ra ted  in  the  growing oxide as
f i n e ,  d u c t i l e  m e ta l l i c  p a r t i c l e s .  These p a r t i c l e s  improved the
(10 )(99 )d u c t i l i t y  o f  the  oxide. Prom V o ito v ich ’s work' '  , and from
a f r e e  energy p o in t  of view i t  may be p o s s ib le  th a t  copper too 
could  a c t  in  a s im i la r  manner to  the noble m e ta ls ,  bu t in d i r e c t ly *  
V o itov ich  suggested  th a t  the main p ro cesses  o ccu rr in g  in  the  s c a le  
on the  su rface  o f  a niobium/copper a l l o y  were as fo llow s
1. 10 CuO + 2 Nb = Nbo0c + 5 0\in02 5 2
2 . 5 CuO + 2 Nb = Nbo0c + 5 Cu
^ 0
3. 5 Cuo0 + 2 Nb = Nbo0c + 10 Cu2 2 p
He confirmed the  p resence  of copper p a r t i c l e s  in  the  s c a le  by x - r a y  
s t u d i e s .  Thus, accord ing  to t h i s  mechanism i t  would be p o s s ib le  to 
p r e c i p i t a t e  copper p a r t i c l e s  in  the  s c a le  du ring  o x id a t io n .  These 
p a r t i c l e s  could then fu n c t io n  s i m i l a r l y  to  the i r id iu m  p a r t i c l e s  
by improving the p l a s t i c i t y  of the  s c a le  , and thus in c re a s in g  the
o x id a t io n  r e s i s t a n c e  o f  niobium*
Apart from the h in t  by K u b asch ew sk i^ ^ ab o u t  the  p o s s ib le  use 
of copper as a so lu te  no o th e r  recommendation f o r  the use  o f  i t  
could be found, in  f a c t ,  screen ing  techn iques  have shown th a t  the 
m eta l i s  an u n s a t i s f a c to r y  a l lo y in g  a d d i t io n  fo r  niobium ■ •
( 2 ) ( 7 ) ( 2 ) .  The E f fe c t  of Copper bn the K in e t ic s  of O x ida tion .
V oitov ich  s tu d ie d  samples of com position 10, JO, J0f 70 and 
90 weight fo copper a t  tem pera tu res  500, 600, 700, 800 and 900°C.
He observed th a t  : -
1. on ly  a t  h igh copper c o n te n ts ,  such a s ,  70 and 90 weight fo 
copper, d id  the  ox ida tion  curves re p re se n t  a parabola*
2* a t  com positions g r e a te r  than 50 weight fo copper the  r a t e  
of o x id a tio n  began to  decrease*
3* a s  the copper co n ten t  approached 50 weight % copper 
ox ida tion  was ve ry  ra p id ,  even a t  500°C, w ith  complete 
conversion  of the  specimen in to  a l i g h t  brown s c a le  a f t e r  
on ly  one hour.
4* curves showing the  r a t e  o f  o x id a tio n  of the a l l o y s ,  as a 
fu n c t io n  of copper c o n te n t ,  passed a t  a l l  tem pera tu res  
through a c l e a r l y  defined  maximum, the sharpness  of which 
in c reased  a t  tem peratures  g r e a te r  than 500°0 *
5* a l lo y s  c o n ta in in g  JO-JO weight fo copper were the  most 
s t ro n g ly  o x id ized .
6* niobium/copper a l lo y s  were l e s s  r e s i s t a n t  to  o x id a t io n  
than the o r ig i n a l  metals*
(2 )(7 )(5 )«  Types of Oxide in  the  Nb ,^0 / C?uO System.
U n fo r tu n a te ly  th e re  i s  no a v a i l a b le  eq u ilib r ium  diagram f o r
t h i s  system. However,-Jan d e r  s tu d ie d  the  re a c t io n s  t h a t  occurred 
when tan ta lum  and niobium pentoxide were heated  w ith  a l k a l i e s  and 
bases such as  : -  BaO, SrO, CaO, MgO, ZnO .and OuO. The r e a c t io n s
were exothermic and the tem peratures a t  which s a l t  fo rm ation
commenced were measured. For the niobium p en to x id e /cu p r ip  oxide 
r e a c t i o n ,  the  tem perature  was recorded  to  be 650 0. The com position 
of the  s a l t s  formed depended on the r a t i o  of base and e a r th  a c id .
When the  r a t i o  was low, 1 mole of base to  10 moles of a c id  oxide, 
the  p y r o ta n ta la t e s  and pyrocolumbates were formed of com position  : -
2 MO . Nb„0_ and 2 MO . Tao0c2 0 2 b
When the  r a t i o  was h ig h , 1 mole of a c id  oxide to  10 moles of the
base* the  p roducts  had the  composition
4 MO • Nb_0_ and 4 MO • Ta_0.-2 b 2 b
More r e c e n t ly ,  G o ld sc h m id t^ ^ 1 ) (1 0 2 S tu d ie d ,  by u s in g  x - r a y s ,  pure
b in a ry  oxides th a t  had been produced by m e lting  to g e th e r  ^ 2^5
and a s e r i e s  of ox ides , namely, TiO, MgO, ZrO^, A ^C y, Y/Oy and MoCy*
For the sake of completeness he a l s o  made a b r i e f  s tu d y  of an
Nbo0_/Cu0 oxide. The s t r u c tu r e s  of most of the systems he s tu d ie d  
2 b
could be c la s s e d  in to  two main ty p e s ,  w ith  s l i g h t  t r a n s i t o r y
s t r u c t u r e s  m ediating  the main c a te g o r ie s .  The c la s s e s  were R u t i l e ,
and Oolumbite. His work on the  I^Cy/OuO system le ad  him to  conclude
th a t  i t  f a l l s  in to  the  Columbite-type c l a s s  w ith  a formula of
CuO.NbgCy. I t  d i r e c t l y  co ex is ted  w ith  the  e>C ^ 2^5 s ° l i ^  s o lu t io n
and occurred  as melted but in  a s l i g h t l y  m odified  form, p o s s ib ly
as  a t r a n s i t i o n  s tag e  from R u t i l e .  Goldschmidt d id  n o t mention
the degree of s o l u b i l i t y  of CuO in  the  Nb^Cy, i^  i s  l i k e l y
th a t  the  la rg e  io n ic  r a d iu s  o f  copper s e v e re ly  l im i te d  the  degree
of ox ide-ox ide  s o l u b i l i t y .  A ll  the oxides he t e s t e d ,  a l th o u g h
producing some minor d i s t o r t i o n s ,  e s s e n t i a l l y  m ain ta ined  the
Structure. The only oxide which com ple te ly  s ta b iliz e d  the  j3
Nbo0_ was Ta0Ch. b 2 j
(2)(8). IN CONCLUSION.
The survey  has i l l u s t r a t e d  t h a t  the  v a r io u s  recorded  f a c e t s  
o f  the o x id a tio n  of niobium have r e s u l t e d  in  co n s id e rab le  d i s  -  
agreement over the mechanisms of o x id a t io n .  With t h i s  in  mind i t  
i s  r e l e v a n t  to  p o in t  out th a t  m e ta l lo g rap h ic  ev idence, supporting  
the  p o s tu la te d  mechanisms i s  exiguous. Many of the photomicrographs 
a re  poor in  d e t a i l  and th e re fo re  do not c o g en tly  su pport  the  
t h e o r e t i c a l  c la im s.
P re l im in a ry  s tu d ie s  by re se a rc h e rs  have in d ic a te d  t h a t  
a d d i t io n s  o f  copper g r e a t l y  reduce the r e s i s t a n c e  o f  niobium to  
o x id a t io n ,  and a ttem p ts  to  exp la in  the  e f f e c t  have hinged around 
the la rg e  io n ic  s iz e  of the  mono v a le n t  io n .  However, w hile  the 
copper ion  i s  always assumed to  be a s s o c ia te d  w ith  NbgO , th e re  i s  
evidence in d ic a t in g  the  e x is ten ce  of a b a r r i e r  la y e r  of Nb(y between 
the m etal and the w ith  the l a t t e r  l a y e r  being n o n -p ro te c t iv e .
The in f lu en ce  of the io n ic  r a d iu s  o f  copper on the  o x id a tio n  
behaviour should  th e re fo re  be r e l a t e d  to  i t s  e f f e c t  on NbOg, a t  l e a s t  
in  the  niobiurn/copper s o l u b i l i t y  range , i n  p re fe re n ce  to  Ofj*
THE INVESTIGATION 
in to
THE OXIDATION OF NIOBIUM 
and
NIOBIUM/COPEER a llo y s .
( 3 ) .  EXPERIMENTAL METHODS.
( 5 )(1 ) . RAW MATERIALS.
T ypical samples used throughout t h i s  in v e s t ig a t i o n  a re  shown 
in  P la  te  1.
( 3 ) 0 ) 0 ) *  Niobium and Copper.
The niobium powder, ob ta ined  from Koch L igh t L a b o ra to r ie s  
L td ,  was quoted as  being 99*9 % pure w ith  the  main im p u r i t ie s  
being tantalum  500 ppm, and oxygen 100 ppm. The copper powder, 
su p p lied  by B.D.H. L td , was produced by hydrogen re d u c t io n
( 3 ) ( 1 ) ( 2 ) i  Niobium Pentoxide and Cuprous Oxide.
The niobium pentoxide used in  t h i s  in v e s t ig a t i o n  was s u p p l ie d  
by Johnson M atthey Ltd. I t  was s p e c t ro g r a p h ic a l ly  s ta n d a rd iz e d ,  
and the im p u r i tes  were
magnesium -  1 ppm.
i ro n  -  2ppra
tanta lum  -  10Oppm.
The cuprous oxide powder, used in  the  c o n d u c t iv i ty  experim en ts ,  
was obta ined  from B.D.H. L td . I t  was of A nalar grade w ith  the  c h ie f  
im p u r i t ie s  being su lp h a te s .
(3 ) (1 ) (3 )*  The Gases.
B r i t i s h  Oxygen su pp lied  the  h igh grade argon and oxygen g a se s .
Plate 1.
A DISPLAY OP TYPICAL SAMPLES USED THROUGHOUT 
THIS INVESTIGATION#
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Plate 2.
FEATURES
THE ARGON ARG MELTING APPARATUS.
1. l e f t  s id e  p o r t -h o le  i l lu m in a t io n  of h e a r th .
2. t i tan iu m  1 g e t t e r 1 furnace f o r  the  8rgon gas.
3* v e r t i c a l  e le c t ro d e  assembly.
Figure  7» The Argon Arc M elting Furnace.
Non-consumable
e lec tro d e .
argon m
not to scale
MATERIALS
A. copper
B. brass
C. brass
D. brass
E. copper
F. tungsten
Gr. tufnel
H. copper
I • copper
J. silica
The argon was 99*995 pu re . The im p u r i ty  was predom inantly  w ater  
vapour which was quoted as producing a dew p o in t  a t  -  120 °F.
( 3 ) ( 2 ) .  THE APPARATUS. •
( 3 ) ( 2 ) ( 1 ) .  The Arc M elting of Metal Samples.
The m e lt in g  u n i t  was of the  non-consumable e le c t ro d e  ty o e ,
(91)P la te  2* According to  S isco  and Epremian 'w ith  t h i s  ty p e ,  m e lt in g  
u s u a l ly  tak es  p lace  under an i n e r t  gas atmosphere a t  p re s su re  of 
100 mm to  atmospheric* P re s su re s  a p p re c ia b ly  lower than t h i s  a re  
avoided because of a rc  i n s t a b i l i t y  problems and e le c t ro d e  lo sse s*
The appara tu s  can be su b -d iv id ed  as fo llow s : -
a* d e l iv e r y  of power, 
b* d es ig n ,  
c* vacuum system.
a .  de l i v e r y  of power*
The power was fed to  the m e lting  u n i t  as d .c .  and was su p p l ie d  
by a L inco ln , heavy du ty , th re e  phase g e n e ra to r .  The v o l ta g e  
employed was 40-50 v o l t s ,  and the  amperage was approx im ate ly  280 amps*
b . des ig n .
A drawing of the ap p ara tu s  i s  i l l u s t r a t e d  in  F igure  7* The 
main f e a tu r e s  a re
1* an 18 cm d iam eter ,  w a ter  coo led , copper h e a r th .  In  the
h e a r th  was a 10 cm long , 1 .3  cm deep trough . This was
used f o r  the p ro d u c tio n  of the in g o ts .
2* a w a te r  cooled , v e r t i c a l ,  e le c t ro d e  assembly. The cathode
was a high p u r i t y ,  tungs ten  rod o f len g th  and d ia m e te r  
7*6 and 0.65 cm re sp ec t iv e ly *  This was brazed i n t o  a 
2*54 cm d iam eter  copper co o lin g  pad* The complete assembly 
was then  f i t t e d  in to  the  w a ter  cooled  power le a d .
3* th e re  were two p o r t  holes.One was used f o r  v iew ing , and
P la te  3*
INDUCTION SINTERING APPARATUS.
FEATURES : -  
in d u c t io n  c o i l ,  
c o o l in g  c o i l s ,  
g r a p h i t e  s u s c e p to r ,  
gas i n l e t  and 
o u t l e t .
s i l i c a  c o n t a in e r .
cooling water 
o u t
cooling water 
in
copper
clamp
expansion slit
powder compact
n io b iu m
sheet
movement
MATERIALS
A tungsten rod
B tantalum wire
C graphite shield
D copper
E copper
Figure 8» The Induotion  S in te r in g  C rucib le  Assembly,
the  o th e r - f o r  i l lu m in a t io n  of the  charge* The p o r t  ho les  
were sea led  w ith  0 .65 cm th ic k ,  7*6 cm d iam eter ,  s i l i c a -  
g la s s  windows*
4* a removal ha tch  f o r  charg ing  and c lean in g  the hearth*
c .  vacuum system*
An Edwards r o t a r y  pump, i n  tandem w ith  an o i l  d i f f u s io n  pump, 
gave an u l t im a te  p re ssu re  of 5 • 10 r^nin, as r e g i s t e r e d  by a P i r a n i /  
Penning gauge, in  1-2 h o u rs •
The disadvantages of t h i s  system were *_
1 • i t  v/as a v e ry  slow process*
2* the v i s i b i l i t y  was poor during  o p e ra t io n ,  p a r t i c u l a r l y  when the 
s i l i c a  windows became covered w ith  m e ta l  deposits*
3* w ithou t b reak ing  the vacuum the m anoeuvrab il i ty  of the  in g o ts ,  
u s in g  the  e le c t ro d e ,  was poor*
4* the in g o ts  were oval in  c ro s s  s e c t io n  and machining them in to  
c i r c u l a r  s e c t io n  r e s u l t e d  in  m etal l o s s .
5* the h igh  tem perature  of the plasma r e s u l t e d  in  v o l a t i l i z a t i o n  
lo s se s  of the  copper s o lu te .
6* g r e e n - s t a te  powder compacts could not be m elted su cc e ss fu l ly *
( 3 ) ( 2 ) ( 2 ) .  I n d u c t io n S in te r in g  of I le ta l  Compacts.
The ap p a ra tu s  c o n s tru c te d  i s  shown in  P la te  3* I t  was 
designed to  d egass , and s i n t e r ,  g r e e n - s t a te  compacts p r i o r  to  argon 
a rc  melting* The advantages t h i s  method o f f e re d  were ra p id  h e a t in g ,  
and c o o l in g ,  under djmamic vacuum conditions*  The e s s e n t i a l  
f e a tu re s  o f  the appara tus  c o n s is te d  of a tu b u la r  carbon s u s c e p to r ,  
in  which the  compacts were r e ta in e d  upon a th in  niobium s h e e t ,  which 
was supported  by a w ater cooled tungsten  ro d .  F igure  8* This . 
assembly was enclosed in  a s i l i c a - g l a s s  tube c o n ta in in g  s u i t a b l e  
openings to  the  vacuum pumps and i n e r t  gas supply* The i n e r t  gas 
was used to  f lu s h  the  system* The e x te r n a l  in d u c tio n  c o i l ,  fed  by
mw ater  coo ling  c o i l
in d u c tio n  c o i l
w a ter  poo ling  c o i l
MATERIALS
A pyrex glas 
B "quartz* glai 
C pyrex  
D copper coil
not to  scale
ass
Figure 9» The Induc tion  S in te r in g  Apparatus.
a 25 K .w att r a d io  frequency s e t ,  w/as c o a x ia l  w ith  the  v e r t i c a l  
s i l i c a  tube and s u sc e p to r .  The e x te rn a l  su r fa ce  of the  s i l i c a  tube 
was cooled by j e t s  of w ater  emanating from c o a x ia l  c o i l s .  F igu re  9*
The tem perature  was measured, by a d isap p ea r in g  f i la m e n t  
pyrom eter, and c o r re c te d  f o r  ab so rp tio n  by s i l i c a .  Manual c o n t ro l  
of tem perature  d id  not pe rm it a g r e a te r  s e n s i t i v i t y  than -  20°C 
a t  1000°C. This was adequate  f o r . t h e  n a tu re  o f the t re a tm e n t .
( 3 ) ( 2 )(3 )•  Homogenization of the Metal A lloys .
Each in g o t  was s e a le d  in  an evacuated s i l i c a  tube and annealed  
in  a r e s i s ta n c e * fu rn a c e .  This technique i s  a common one and was 
s u c c e s s f u l ly  used f o r  the homogenization o f  niobium/aluminium 
a l l o y s ^ 7 \
(3)(2)0»-). The Arc M elting o f  Oxide Samples.
Without m o d if ica t io n  the  arc  m elting  fu rnace  was u t i l i z e d  
f o r  the p ro d u c tio n  of oxide in g o ts .  Other r e s e a rc h e r s  have a l s o  
used a s im i la r  method f o r  m elting  o x i d e s ^ ^  ) ( ^ 3 ) #
(3 ) (2 ) (5 )»  S in te r in g  of Compacts and Homogenization of Oxide In g o ts .
The samples, r e s t i n g  on a p la tinum  coated  b o a t ,  were p laced  
in  a 1*3 cm d iam eter ,  h o r iz o n ta l  alumina tube in  a r e s i s t a n c e  
fu rn ac e .  The tube was of minimum d iam eter  and len g th  in  o rd e r  to  
r e s t r i c t  the volume , and hence he lp  m a in ta in  the com position  of 
the  samples during  s in te r in g ,a n d  homogenization.
Plate 4*
THE THEB1AL BALANCE APPARATUS.
FEATURES temperature c o n t r o l  system* 
s p a l l in g  appara tu s  a t  base of
ox ida tion  furnace#
One end of the  tube was sea led  w hile  the  o th e r  was a t ta c h e d ,  v ia  
a s topcock , to  a vacuum l i n e  and an argon gas supply .
(3 ) (2  ) ( 6 ) .  The O xidation  Furnace.
The r e s i s t a n c e  fu rnace  was hea ted  by fo u r  !,c r u c i l i t e "  rods 
t h a t  were c o n t r o l l e d , a t  800°0, to  w ith in  -  2°G by an E th e r  X a c tro l .  
F igu re  10. shows the  fu rn ac e ,  and P la te  1+ i l l u s t r a t e s  the  p o s i t i o n  
o f  i t  in  r e l a t i o n  to  the  rem ainder of the therm al balance r i g .  Due 
to  the  r e q u ire d  sm all d iam eter of the  furnace tube the  c o n t r o l  
couple had to  be p o s i t io n e d  on the o u ts id e  su rface  of the  tube , and 
th e re fo re  befo re  each run the tem perature  was checked in  the  r e a c t io n  
zone.
( 3 ) ( 2 )(7)* The Gas T ra in  and C on tro l.
Authors have re p o r te d  d i f f e r e n c e s  in  the  o x id a tio n  r a t e  of 
pure  niobium when oxid ized  in  d ry  and m oist a i r  and o x y g e n ^ . ^ ^ ^ ^  ^  
I t  was th e re fo re  decided to  d ry  the gases , u s in g  s i l i c a  g e l l ,  p r i o r  
to  e n t ry  in to  the  r e a c t io n  zone. The argon was used as  an i n e r t  
c a r r i e r  f o r  th e  oxygen, and the  flow of gases in to  the  fu rnace  was 
c o n t ro l le d  by P la to n  m ete rs .  Before e n t ry  in to  the fu rn ace  the 
gases were mixed to  obvia te  any gaseous s e g re g a t io n .
( 3 X 2 X 8 ) .  The Balance.
Weight changes were reco rded  manually on an O e r t l in g ,  sem i­
autom atic  ba lance  which allowed changes to  be read  to  w i th in  -  0.1 
mg.
to balance
thermo- a
couple
t y - \ l
o
gas m
nan
glas 
detachable
crucllite heating 
rods
MATERIALS
A Pt/Rh thermo 
B Pt/Rh thermo 
C refractory 
D rubber
E stainless steel 
P glass 
G brass
Figure  10* The O xidation  Furnace*
(3 ) (2 ) (9 )*  The S p a l l in g  Arrangement.
To p rev en t  spurious  re a d in g s ,  of weight ga in  w ith  t im e, due 
to  s p a l l in g  of the s c a le ,  i t  was found n ecessa ry  to  c o n ta in  the  
oxide fragm ents . The method used i s  shown in  F igure  10. This 
had the advantage of c a tc h in g  a l l  the oxide th a t  s p a l le d  and 
bouyancy e f f e c t s ,  due to  the  l a rg e  d iam eter of the  pan, were 
minimized by p u t t in g  the  gas e n t ry  o r i f i c e  above the pan.
C onsidering  the l a t t e r  fo u r  su b -se c t io n s  to g e th e r  i t  may be 
s a id  th a t  a lthough  the therm al balance behaved as  designed , a 
d isadvantage  was th a t  the  o p e ra t io n  of i t  was predom inantly  manual, 
and t h i s  proved to  be l a b o r io u s .  Any fu tu r e  m o d if ic a t io n s ,  i n  the 
d i r e c t i o n  o f  autom ation, of the appara tu s  should a l s o  make p ro v is io n  
f o r  o p t i c a l  examination of the  o x id iz in g  specimen.
(3 ){ 2 ) (1 0 ) .  The C o nductiv ity  Apparatus.
Many measurements of the  c o n d u c t iv i ty  of m a te r ia l s  use  a fo u r  
p o in t  p robe , d i r e c t  c u r r e n t  technique from which the r e s i s t a n c e  i s  
ob ta ined  by us in g  a p o ten t io m e te r .  ^  ^  an 0W3 g r e a t
s e n s i t i v i t y  and minimizes c o n ta c t  r e s i s t a n c e .  However, the  above 
au tho rs  were seek ing  very  a c c u ra te  va lues  f o r  one su b s ta n c e ,  whereas 
in  t h i s  in v e s t ig a t i o n  the  c o n d u c t iv i ty  r e s u l t s  were more f o r  a 
phenomenological support of the o x id a tio n  k i n e t i c s ,  and comparison 
of the  c o n d u c t iv i ty  behaviour of v a r io u s  oxide a l lo y s .  For t h i s  
ta sk  the  appara tu s  d e sc r ib e d  below, and shown in  P la te s  5 and 6, 
was cons ide red  adequate .
Two v e r t i c a l l y  opposed, alumina rods were used to  sandwich 
an oxide compact. The e x t re m i t ie s  of the  rods  were clamped, one 
in  the  b ra ss  base p l a t e ,  and the o th e r  by a w ater  coo led  p l a t e  which 
was supported  by th re e  v e r t i c a l ,  th readed  s t e e l  p i l l a r s .  P la te  6. 
Resistance of the  compact was ob ta ined  via  a p la tinum  d is c  top  and
Plate 5*
THE CONDUCTIVITY APPARATUS.
FEATURES: 1 • sample j i g  with furnace in  p o s i t io n .  
2 . tem perature  c o n tro l  system.
3* vacuum system.
Plate 6.
A SECTION OF THE CONDUCTIVITY APPARATUS 
WITH THE FURNACE REMOVED*
FEATURES 1.
2e
3.
4«
5.
alumina th r u s t  p i l l a r s *  
pla tinum  e lec trodes*  
sample in  pos it ion*  
c o n t ro l  thermocouple* 
coo ling  r in g  f o r  furnace*
bottom of the  compact. E l e c t r i c a l  c o n tac t  was enhanced by the  use
of gold l e a f  sandwiched between the  d is c s  and compact. In  o rder  to
o b ta in  maximum e lec tro d e /sam p le  c o n ta c t  area  the  f l a t  faces  of the
compact were p o lish e d  to  a 0 .05  micron f i n i s h  u s in g  alumina. The
assembly was hea ted  by a sm all nichrome wound fu rnace  th a t  was
c o n t ro l le d  by a thermocouple a d jac e n t  to  the  compact. The fu rnace  
a- o
c o n t ro l le d  to  -  3 Cl and was linked,via a mercury sw itch , to  a .variac  
and E ther  c o n t r o l l e r .  The c o n d u c t iv i ty  j i g  and fu rnace  were encased 
in  a b e l l - j a r  which could be evacuated to  1 • 10 Sum u s in g  an o i l  
d i f f u s io n  pump backed by a r o t a r y  pump. Needle v s lv e s  allowed the  
r a p id  in t r o d u c t io n  of argon or oxygen in to  the  chamber.
( 3 ) ( 2 ) ( 1 1 ) .  In s trum en ts  f o r  the Measurement of R es is ta n ce .an d  Vacuum.
The vacuum was measured u s in g  an Edwards’ P ira n i /P e n n in g  gauge
-5w ith  a p re s su re  range of 1-10 mm, and a s c a le  th a t  p e rm it te d  a 
re a d in g  to  be made to  -  2*5 Vacuum c o n t ro l  was e f f e c t e d  manually 
u s in g  the  gauge in  co n junc tion  w ith  a needle v a lv e .
R es is tan ce  was recorded  on an avometer with a s e n s i t i v i t y  of 
3*5->o. For use w ith  the  pentoxide samples the meter was shunted  
by a megohm r e s i s t o r ,  and the r e s i s t a n c e  of the compact T/as then 
c a lc u la te d  from the fo llow ing  r e l a t i o n s h ip  : -
1 = 1 + 1     (21)
3 H, R2
where, R = the measured r e s i s t a n c e .
R^  = the r e s i s t a n c e  of the  co
= the megohm r e s i s t o r .
Suggestions  f o r  m o d if ic a t io n  of t h i s  system in c lu d e  :~
1. rep lacem ent of the manual, vacuum c o n t r o l  va lves  w ith  magnetic 
v a lv es  linked  to  the  Penning gauge. This would e l im in a te  the
tendency to  overshoot the re q u ire d  p re s su re  when a d ju s t in g  the 
p a r t i a l  p re s su re  of oxygen manually.
2 . replacem ent of the  avometer by a more s e n s i t iv e  b r id g e - c i r c u i t  
thus  o b v ia t in g  the  n e c e s s i ty  of the  megohm shun t.
0 ) ( 2 ) ( 1 2 ) .  The G-.K.N. Hardness Machine.
Por measurements of oxygen con tam ination  of a l lo y s  a G.K.N5 
model 3228, raicrohardness t e s t e r  was u sed . A t h i r t y  gramme load 
was used throughout the t e s t s ,  and the in s trum en t p r i o r  to  use was 
c a l i b r a t e d  a g a in s t  a V ickers  Pyramid Hardness t e s t  b lock . P e r io d ic  
checks on the c a l i b r a t i o n  were made du ring  the  course o f the  
in v e s t ig a t i o n .
The Bausch and Lomb Research M eta llograph.
This in s trum ent was used f o r  photography and num erical 
assessm ent of the  oxide l a y e r s .  Por b r ig h t  f i e l d  photography a 
W ratten 74 f i l t e r  was used to  improve the c o n t r a s t  between phases . 
The f i l t e r  was removed f o r  p o la r iz ed  l i g h t  work.
The Scanning E lec tro n  Microscope (S te re o s c a n ) .
This microscope, produced by Cambridge Ins trum en ts  L td ,was used 
f o r  to p o g rap h ica l  s tu d ie s  of p a r t i a l l y  ox id ized  samples. I t  was 
a lso  used to  s tudy  in te r f a c e  p o ro s i ty  a t  m a g n if ic a t io n s  in  excess 
o f  t h a t  o b ta in ab le  w ith  the  Bausch and Lomb l i g h t  m icroscope.
Before en try  in to  the microscope each sample was sprayed 
w ith  a mono la y e r  of g o ld /pa llad ium . This improved r e s o l u t i o n  by
p rev en tin g  the  su rface  of the  specimen charg ing  under the  e le c t ro n  
beam.
( 3 ) ( 2 ) ( 15 )* M eta llog raph ic  3 e c t io n in g .
The machine used f o r  s e c t io n in g  ox id ized  samples was a high 
speed, w a te r  cooled , diamond s l i t t i n g  wheel. This had the  a b i l i t y  
of n o t  inducing  a la rg e  work-hardened la y e r  in to  the  m e ta l .  I t  a ls o  
minimized damage to  the  m e ta l /o x id e  i n t e r f a c e .
( 3 ^ ( 2 ) 0  6 ) .  X-Hay YTork.
The ins trum en t used was made by P h i l l i p s .  The r a d i a t i o n  
employed in  t h i s  i n v e s t ig a t i o n  was produced from'a copper t a r g e t  
and was f i l t e r e d  by a n ic k e l  f o i l .  The sp e c t ra  from the  samples 
was recorded  by a Debye -S ch e rre r  camera and the le n g th  of exposure 
was 5 hours u s ing  30 Kv.
(3) (3)»  EXP53IMSNTAL PRCCmTHS.
( 3 ) ( 3 ) 0 )• Powder C onso lida tion  of Niobium/Copper A llo y s .
The niobium and copper powders were m echan ica l ly  mixed f o r  12
hours ,  i n  the re q u ire d  p ro p o r t io n s ,  and then p re s se d ,  a t  4SOO Kgrms/ 
2cm , in to  c y l i n d r i c a l  compacts of dimensions 10 mm d iam e te r  by 20 imm 
len g th .
(3 ) (3 ) (2 )*  Powder C onso lida tion  of Oxide Samples.
a .  Arc m elted  in g o ts  of I^bO^^and copper doped NbO^, were
crushed to  d u s t  between niobium p l a t e s .  A f te r  the  doped
powder had been t r e a te d  w ith  d i lu t e  n i t r i c  a c id  to  remove
any f r e e  copper , each powder was then compressed to 
13400 Kgrms/cm to  f o r a  c y l i n d r i c a l  p e l l e t s  weighing 
approx im ate ly  1 .5  grms. each. The g r e e n - s t a te  d e n s i t y  of 
these  p e l l e t s  was 70 fo o f  the  t h e o r e t i c a l  5* 9 grms/cm^.
b. The Nbo0c/Cuo0 powders were mixed to g e th e r  f o r  24 hours 2 5 2
p r io r  to  p re s s in g .  P e l l e t s  of ^ 2^5 sn<^  ^ 2 ^ 5 ^ 2 ^  were 
. produced u s in g  a p re s su re  of 13400 Kgrras/cm
( 3 ) ( 3 ) ( 3 )• In d u c t ion S in te r in g .
F re sh ly  p r e p a re d ,g r e e n - s ta te  powder compacts, e x f o l i a t e d  
d u r in g  a rc  m e lt in g .  Some gas W3s r e le a s e d  from the powder producing
a rc  i n s t a b i l i t y  problems and an in g o t  of i n f e r i o r  g rade . I t  was
hoped th a t  a p r i o r  vacuum s in t e r i n g  of the  compacts would obv ia te  
t h i s  c o n d it io n .  Although the maximum charge th a t  the  appara tu s  
cou ld  d e a l  w ith  a t  any one time was only 20 grms? the  speed of the  
p ro cess  was high so th a t  i t  was no t a b o t t le -n e c k  in  the  sequence 
o f  o p e ra t io n s  of producing useab le  in g o ts  from powder.
Sach compact was held  a t  1000°0 f o r  two h o u rs ,  and the t o t a l
time o f  the p ro c e ss ,  in c lu d in g  h e a t in g  and cooking, was only 3*75-
4 hours . /This was w e ll  under h a l f  the  time n e cessa ry  when u s in g
a r e s i s t a n c e  fu rn a c e .  During h e a t in g  the  p re ssu re  in c re a se d  due to
0o u tg ass in g  to 5 • 10 mm, but a t  approx im ate ly  700 0 i t  re tu rn e d  
aga in  to  the o r ig i n a l  value of 2 . 1 0  ^mm. I t  was n o t ic e d  th a t  a t  
t h i s  tem pera tu re , and above, h o t - s p o ts  developed on the s i l i c a  tube . 
These were caused by random d is ru p t io n s  t h a t  occurred in  the  f i lm  
of c o o lin g  w a te r  th a t  was f l o w i n g  down the  o u ts id e  of the  tu b e .
This p o t e n t i a l l y  dangerous hazard  was removed by adding d e te r g e n t  
t o  the  7/a t e r  supply.
U nalloyed niobium powder s in te r e d  a t  2200°G f o r  4 hours
produced a compact which a rc  m elted  r e a d i ly ,  con ta ined  l i t t l e
p o r o s i ty  and had a hardness of only 110 V.P.N. U n fo r tu n a te ly  a
s im i la r  t re a tm en t ap p lied  to  niobium/copper compacts r e s u l t e d  in
excessive  v o l a t i l i z a t i o n  of copper. The o p e ra t in g  tem perature  was 
0
l im i te d  to  1000 0 and was used  f o r  a l l  compacts, compacts t r e a te d  
in  t h i s  manner e x h ib i te d  a small w eight decrease , a t t r i b u t e d  to  lo s s  
o f  w a te r  vapour and adsorbed gases from the  powder, and a rc  m elted 
e a s i l y  w ith  few of the  d isadvantages  c o l l e c te d  by a rc  m e lt in g  g re e n -  
s t a t e  compacts.
( 3 ) ( 3 ) ( 4 )« Arc M elt ing .
a .  evacuation  and f lu s h in g  of the  u n i t .
The s in te r e d  compacts were p laced  in  the  trough in  the h e a r th .  The 
t o t a l  weight of the  charge was never allow ed to exceed 50-60 grms, 
s in c e  t h i s  was the maximum charge th a t  could  be c o n t r o l l e d  during  
the  p ro c e ss .  The u n i t  was se a le d ,  evacuated , then f lu s h e d  w ith  
p u r i f i e d  argon and once more evacuated . This was re p e a te d  th ree  
times to  h e lp  remove any oxygen, n i t ro g e n  or 7/a t e r  vapour by vapour 
p re s su re  d i f f e r e n c e .  F in a l ly  the system was evacuated to  a t  l e a s t  
5 • 10 ^mm.
b. in t ro d u c t io n  of the argon atm osphere.
Before e n t r y  in to  the  a rc  m elting  u n i t  the  argon was passed through 
a furnace  tube he ld  a t  approxim ately  900°G. The tube con ta in ed  
g ra n u la r  t i tan iu m  which was designed to  a c t  as a g e t t e r  f o r  any sm all 
amounts of oxygen co n ta in ed  in  the  argon. A fte r  p u r i f i c a t i o n ,  the 
gas was b led  in to  the  m e lt in g  chamber u n t i l  the o p e ra t in g  p re s su re  
of 200 mm was ob ta ined . The p u r i f i c a t i o n  furnace i s  shown in  P la te  2.
c .  m elting  sequence.
The tungsten  e le c t ro d e  was lowered onto a t i tan iu m  b u t to n  nex t to  the 
sample. The a rc  was s t ru c k  and the e le c t ro d e /b u t to n  d is ta n c e  adjusted 
to  about 1 cm. The a rc  was m ainta ined  u n t i l  the b u t to n  was f u l l y
m olten  and then ex tin g u ish ed .  This was used as a means of absorbing  
the  l a s t  t r a c e s  of gaseous im p u r i t ie s  in  the  chamber. The a rc  
was again s t ru c k  on the  bu tton  and then t r a n s f e r r e d  onto the s in te r e d  
compacts. They were m elted  by slow ly moving the  a rc  from one end 
of the  trough to  the o t h e r . . This opera tion  took a t  l e a s t  th re e  
m inutes w ith  the  e le c tro d e  only  1 cm from the samples. These sh o r t  
a rc  len g th s  produced a deep, s w i r l in g  a c t io n  in  the  sm all m olten pool 
and such tu rbu lence  helped to  b r in g  gas bubbles to  the  s u r fa c e .
A f te r  a p re l im in a ry  m e lting  the in g o t  was in sp e c te d ,  tu rned  over in  
the  trough , and a l ig n e d  ready  f o r  rem e lt in g .  The chamber was 
evacuated and f i l l e d  w ith  argon to  5^0 mm. I t  was hoped t h a t  the 
in c re a se d  o p e ra t in g  p re ssu re  would a id  in  m echan ica lly  c lo s in g  some 
of the  pores formed during  the f i r s t  m e lt .  The in g o t  was m elted  
7-8 tim es , and a f t e r  each m e lt in g  i t  was r o l l e d  over in  the  channel. 
This  procedure was to  make c e r t a i n  th a t  the whole of the charge had 
m e lted , th a t  the  m a jo r i ty  of the  p o r o s i ty  removed, and the in g o t  was 
a s  uniform shape and good su r fa ce  c o n d it io n  as  p o s s ib le .  A f te r  
co o l in g  the in g o t  was removed and in sp ec ted  f o r  oxide c a s t  on the  
s u r f a c e ,  sh rinkage  c a v i t i e s ,  and g ross  p o ro s i ty .  I f  an oxide c a s t  
was observed the in g o t  was d isca rd e d  s ince  i t  would p robab ly  be 
h e a v i ly  contam inated  by oxygen, bu t i f  the  l a t t e r  d e f e c t s  were 
observed then the  in g o t  w a s .rem e lted .
( 3){3)(3)» Homogenization of M etal and Oxide In g o ts .
A fte r  a rc  m e lt in g  i t  was conside red  n ecessa ry  to  s u b je c t  the 
in g o ts  to  a h igh tem pera tu re , , h ea t  t re a tm en t.  This was to  obv ia te  . 
any sm all com positional d i f f e r e n c e s  t h a t  may have e x is t e d  in  the  as  
c a s t  s t a t e .  For the  m eta l a l lo y s  each in g o t  was annea led  f o r  200 
hours a t  1050°C in  evacuated s i l i c a  c a p s u le s .  However, f o r  the  oxide 
in g o ts  i t  was found more s a t i s f a c t o r y  to  use the a p p a ra tu s  d esc r ib ed  
in  s e c t io n  (3 ) (2 )(5 )*  The alumina tube was loaded w ith  an o x id e ’ 
in g o t ,  evacuated, and then  f i l l e d  w ith  p u r i f i e d  argon . P re v io u s ly
prepared  samples, o f  s to ic h io m e tr ic  NbO^, were p laced  ad jac e n t  to  
the  UbO  ^ in g o t  to  h e lp  m ain ta in  i t s  com position d u r in g  the  trea tm en t 
a t  1100°G f o r  120 h ou rs .
( 3 )(3 )(6 )*  Arc M elting  of NbO  ^ and NbOgANbOg + NbO) E u te c t ic  
In g o ts ._____________________________ ____________________
For the purposes of the  experim ents, designed  to  e lu c id a te  a f a c e t  
of the o x id a tio n  of niobium which w i l l  be described  l a t e r ,  a rc  
m elted oxide samples were deemed to  be more s u i ta b le  than  sm all -  
g ra in e d ,  porous s i n t e r e d  samples. I t  was b e lieved  th a t  a comparison 
between oxidized m eta l  and oxide samples would be more r e a l i s t i c  i f  
the  p o r o s i ty  and g ra in  s iz e s  were s i m i l a r .  Both a rc  m elted oxide 
and m eta l samples were la rg e  g ra in e d ,  and t h e i r  p o r o s i t i e s  w ere  
n e g l ig ib l e .  U n fo r tu n a te ly  the  oxide in g o ts  were p a r t i c u l a r l y  b r i t t l e  
and g r e a t  care  was n ecessa ry  in  machining them in to  c y l i n d r i c a l  
specimens. A ddition of copper, as 2 weight p  CJ^O, to  the  m elt 
ag g reva ted  the  f r a g i l i t y  to  such an e x te n t  th a t  the in g o t  could  no t 
be handled w ithout crum bling, as  a r e s u l t  use of a rc  me l t e d  Nb02/  
Cu20 a l lo y s  had to  be abandoned* However, the f r a g m e n ts 'o f  such 
in g o ts  v/ere used in  the p re p a ra t io n  of the  c o n d u c t iv i ty  compacts.
The Nb02 in g o ts  were produced by m e lt in g  compacts of ^ 2^5 an<^  
niobium powders in  s to ic h io m e t r ic  p ro p o r t io n s  as in d ic a te d  by
2 Nbo0_ + Nb = 5 NbCL2 5 2
The copper doped in g o ts  were produced in  a s im i la r  manner, bu t a 
sm all  c o r r e c t io n  was made to  the com position of the  compacts to  
account f o r  the  oxygen in troduced  by the cuprous oxide . The m e lt in g  
o p e ra t io n  was conducted under argon. To he lp  m a in ta in  com posit iona l 
s t a b i l i t y  of the HbO  ^ under the a rc  a s im i la r  mix was m elted  f i r s t  
a d ja c e n t  to  the compacts and he ld  a t  tem perature  f o r  2 - i  m inu tes . I t  
was hoped th a t  t h i s  would fu rn ish  an argon atmosphere c o n ta in in g  
NbO, NbC^ and oxygen vapours and hence l i m i t  the vapour lo s s  du ring  
m e lt in g  of the  compacts.
( 2 2 )
(3)(3)(7)* Sintering of Nt>02 and Copper Doped Nh02 Compacts*
Oxide compacts, produced from in g o ts  in  a manner p re v io u s ly  
d e sc r ib e d  in  s e c t io n  ( 3 ) ( 3 ) ( 2 ) ,  v/ere su b jec te d  to  a sim ultaneous 
s i n t e r i n g  and homogenization treatm ent*  The a p p a ra tu s ,  used  to  
homogenize the  oxide in g o ts ,  was u t i l i z e d  f o r  th ese  compacts. 'Once 
ag a in  p re v io u s ly  prepared samples of Nt>02 were used to  m a in ta in  the  
compacts a t  s to ich io m e try .  Only s ix  compacts o f  Hb02 v/ere t r e a te d  
s im u ltaneous ly . The rem ainder of the ho t zone was f i l l e d  v/ith 
approxim ate ly  1 5 grms. of the  p re v io u s ly  p repa red  NbOg b u f f e r .  The 
alumina tube was evacuated and sea led  under an atmosphere of 
p u r i f i e d  argon . Treatment was c a r r ie d  out f o r  120 hours a t  1100°C. 
A f te r  s i n t e r i n g  the  d e n s i ty  had inc reased  to  76-78 % of the  
t h e o r e t i c a l  v a lu e ,  and as a r e s u l t ,  v/ith the  concomitant 2k % 
p o ro s i ty  each compact was expected to  be e s s e n t i a l l y  open to  
gaseous d i f f u s io n .
( 3 ) ( 3 ) ( 8 ) .  P rep a ra t io n  of Samples P r io r  to  T es ting
a .  m eta l  samples.
The m etal in g o ts  were s low ly  ground to  c i r c u l a r  c ro s s  s e c t io n  and 
then  s l i c e d  t r a n s v e r s e ly  in to  c y l i n d r i c a l  sam ples, approx im ate ly
0 .75  cnis long , u s in g  a w ater coo led , diamond c u t t i n g  wheel. The 
s u r fa c e s  of th e  samples were p o l ish e d  through g rades  of v/ater 
l u b r i c a t e d ,  a b ra s iv e  paper .  They v/ere given a f i n a l  p o l i s h  on 
6 micron and 1 micron alumina impregnated pads. The dimensions of each 
specimen were recorded  f o r  fu tu re  c a l c u l a t i o n s .  S ross p o r o s i ty ,  
hidden in  the  c e n t r e  of a seemingly good sample, would m a n ife s t  
i t s e l f  on a weight ga in  ve rsus  time curve as  a sudden an s e r io u s  
d i s c o n t in u i ty .  To circumvent t h i s  simple d e n s i ty  measurements, on 
each sample, were conducted prior to  o x id a t io n .  Any sample d e v ia t in g  
from 8 .5  grms/cm^ by more than -  0*k grms/cm^ was d iscarded*
bo oxide samples#__
Emery p o l is h in g  p ap e r ,  grade 2 /0 ,  was i n i t i a l l y  used on a l l  oxide 
samples* The b e s t  r e s u l t s  were ob ta ined  u s in g  the  paper d ry  and 
removing the p o l i s h in g  d e b r is  r e g u la r ly .  P o l i sh in g  was then  con tinued  
on a damp, nylon c lo th  impregnated w ith  0.05  micron alumina powder*
A f i n a l  p o l i s h  was obtained u s in g  a d ry  m ixture  of g ra p h i te  and 
s t e a r i c  ac id  on t i s s u e  paper* Various techn iques  t h a t  f a i l e d  to  
produce a p o l i s h  s u p e r io r  to  t h a t  obtained from the above p rocedure  
in c lu d ed , in  o rder  of d ec rea s in g  m e r i t ,  the fo llow ing
1# grades o f  alumina powder on a w a te r  lu b r i c a te d  c lo th .  The c lo th
was napped.
2* alumina powder impregnated in to  a b lock of soap#
3* alumina powder and w ater  on a pe rspex  lap*
k* alumina powder and w a te r  on le a d ,  bronze and b ra s s  la p s .
5* diamond p a s te  and p a r a f f i n  on a nylon c lo th .
(3 ) (3 ) (9 )*  O xidation  T es t in g  of Niobium/Copper and NbOp Samples*
* f
Specimens were p laced  in  a loose  p la tinum  cage in  the  r e a c t io n  
tube and then  a t ta ch e d  to  the  main suspension  w ire s .  A h igh  argon 
flow  was used  during  th i s  o p e ra t io n  to  p rev en t  unrecorded o x id a t io n  
o f  the specimens. The w ires  and specimen were a l ig n e d  and then  
coupled v e r t i c a l l y  to  the  overhead, sem i-autom atic  b a lan ce .  The 
argon su p p l ie d  was reduced to  the p a r t i a l  p re s su re  r e q u i r e d ,  and the 
desired, amount of oxygen was then b led  in to  the  fu rnace  tu b e .  The
increm en ta l  weight in c re a se s  were then reco rd ed .
The main d isadvantage  of t h i s  o p e ra t io n  i s  th a t  the sudden 
in t ro d u c t io n  of oxygen could cause , as a r e s u l t  of the exotherm ic 
o x id a tid n  r e a c t io n ,  the su r fa c e  tem perature  of the  specimen to  r i s e  
above the ambient tem pera tu re . Thus, f o r  a few minutes the  i n i t i a l  
o x ida tion  could  be high u n t i l  the  m eta l could  conduct the  h e a t  away
(10from the in t e r f a c e  and reach  eq u il ib r iu m  w ith  the  ambient tem p e ra tu re .  
This could be le ssen ed  by r a i s i n g  the sample s low ly , in  the  o x id iz in g
atmosphere, through the tem perature  g ra d ie n t  in  the  r e a c t io n  tube 
to  the r e q u ire d  tem perature . However, th i s  would lead  to  an i n i t i a l  
r e a c t io n  whi)h was not iso th e rm a l or recorded . Therefore  in  view 
o f  t h i s  i t  was decided to  m a in ta in  the former procedure but to  use 
a la rg e  sample mass, approxim ate ly  6 grms, so th a t  i t  may. a c t  as  a 
s u i t a b le  h e a t  s in k .  I t  i s  l i k e l y  th a t  w ith  sh ee t  samples, w ith  
an inadequate  mass, the l a t t e r  procedure would be a d v isa b le .
( 3 ) (3 ) (1 0 ) .  C onductiv ity  Measurements of NbO  ^ and Copper doped NbO^.
To reduce the  time n ecessa ry  to  a t t a i n  vacuum many of the  
sm all components of the ap p ara tu s  were baked, a t  100°C f o r  s e v e r a l  
hours ,  p r i o r  to  u se .  Cloves were worn du rin g  assembly to keep the 
s u r fa c e s  f r e e  from m ois tu re  and g rea se .
A p o l ish e d  compact was p laced  between the  alumina push rods  
to g e th e r  w ith  the  gold l e a f  which enhanced the  e l e c t r i c a l  c o n ta c t  
between the compact and the p la tinum  d i s c s .  The nuts  on the  support  
p i l l a r s  were s l i g h t l y  t ig h te n e d  to  b r ing  the  e le c t ro d e s  and compact 
i n to  in t im a te  c o n ta c t .  This made sure  th a t  the r e s i s t a n c e  was 
c o n s ta n t .  The furnace was brought in to  p o s i t i o n ,  to g e th e r  w ith  the  
c o o lin g  c o i l s ,  and the b e l l - j a r  p laced  over the appara tu s  and 
evacuated . At approxim ate ly  1 • 10*”^  mm d r ie d  oxygen was adm itted  
i n to  the chamber and then  the  system was once more evacuated  to  
the  former v a lu e .  This procedure was m erely to  f lu s h  the  a p p a ra tu s  
through w ith  pure oxygen and a lso  to  make su re  th a t  a t  th e  low est 
p re s su re  the  atmosphere was oxygen. The tem perature of the  compact 
was then slow ly r a i s e d ,  in  50°0 increm ents ,  to 600°C. Between each 
in c re a se  in  tem perature  0 .75 hours was allowed f o r  the  vacuum to 
become s t a b l e  and the compact to e q u i l i b r i a t e .
Temperatures of 100, 200, 300, 400 and 600°0 v/ere chosen f o r  
iso th e rm a l t e s t s  of the  v a r i a t i o n  of the  c o n d u c t iv i ty  w ith  the  
p a r t i a l  p re s su re  of oxygen. The b e l l - j a r  was evacuated to  1 • 10 ^ 
mm and m ain ta ined  a t  t h i s  v a lu e ,  a t  the  chosen tem pera tu re , f o r  2
hours . Oxygen was then adm itted  to produce the  re q u ire d  p re s su re  
and the system se a le d .  R es is tance  was recorded  only when the value 
had remained co n s ta n t  f o r  10 m inutes. The p e riod  of time n ecessa ry  
f o r  t h i s  c o n d it io n  to  be obtained was g e n e r a l ly  2-3*5 h o u rs .  At high 
oxygen p re s s u re s ,  i . e ,  100-760 mm,.flow m ete rs  were used to  m eter 
a co n s ta n t  flow  of argon, used as a c a r r i e r  g a s ,  and oxygen in to  
the b e 1 1 - ja r .  E x i t  va lv es  m aintained the  system a t  a tm ospheric  
p re s su re .
The measurements of r e s i s t a n c e  were rep ro d u c ib le  to  w i th in  
7*3 /o and re v e rs ib le #
(3)(3)(11  )• C onductiv ity  Measurements of Nb^O^/Cu^O Compacts.
The experim en ta l  technique employed f o r  these  compacts was 
s im i la r  to t h a t  f o r  the d io x id e  samples. However, v a r i a t i o n  of the  
c o n d u c t iv i ty  w ith  tem perature  was conducted under a tm ospheric  
p re ssu re  o f  oxygen, m etered c o n t in u a l ly  in to  the b e l l - j a r  and 
vented  through the  base p la t e  v ia  a v a lv e .
For measurements of r e s i s t a n c e  change w ith  p a r t i a l  p re s su re
of oxygen a tem perature of 600°C was chosen s in ce  i t  r e p re se n te d
an in te rm e d ia te  value in  the tem perature  range used in  the  o x id a tio n
of the  m eta l  samples. I t  was hoped th a t  t h i s  v/ould serve  a s  a base
f o r  any co n c lu s io n s  drawn, or comparisons t h a t  may be made, between
the  compacts and the s c a le  produced on the  m eta l samples. The
system was f lu sh e d  with oxygen, sea led  and evacuated to  1 .1 0   ^ ram.
Dried oxygen was ad m itted , v ia  a needle  v a lv e ,  to  the  p re s su re
re q u ire d .  The atmosphere was s t a t i c  and a t  p re s su re s  of app rox im ate ly
10 mra on ly  0 .3  hrs*was r e q u ire d  to  o b ta in  a s tea d y  r e s i s t a n c e
- 2 - 3read in g .  However, a t  10 -10 mm 2-3 h r s .  were re q u i re d .  •
The measurements were f u l l y  r e v e r s i b le  and re p ro d u c ib le  f o r  
each sample, and agreement between r e p l i c a t e  t e s t s  v/as w i th in  6 >a.
The r e s i s t a n c e  measurements, bo th  f o r  the  d io x id e  and pen tox ide  
samples, y ie ld ed  c o n d u c t iv i ty  v a lu es  from the  r e l a t i o n s h i p ^
R S 1 (23)
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the m e a su re d  r e s i s t a n c e  in  ohms.
the  s p e c i f i c  r e s i s t a n c e  in-ohms-cm.
the le n g th  of the specimen in  cm.
2the  a rea  of the specimen in  cm •
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and A = the  c o n d u c t iv i ty  = - = (ohm -  cm )
S
However, s in ce  the  d e n s i t i e s  of the compacts were no t the  t h e o r e t i c a l  
values-, and the a c tu a l  su r fa ce  a reas  were only approximated to ,  
then  the  obta ined  f ig u r e s  f o r  the  c o n d u c t iv i ty  a re  r e a l l y  e f f e c t i v e ,  
Dr ap p aren t  c o n d u c t iv i t i e s .
( 3 ) ( 3 ) 0 2 ) .  M e ta llog raph ic  P re p a ra t io n .
a .  specimen mounting.
A ra ld i te  epoxy r e s i n ,  type AY 103, ?/hen mixed w ith  h a rd e n e r ,  type HY 
93, in  the  r a t i o  7:1 produced a c l e a r  l i q u i d ,  of low v i s c o s i t y ,  
which s e t  hard in  24 h ou rs .  3ach o x id ised  sample was p la ce d  in  a 
t e s t - t u b e  co n ta in in g  a r a l d i t e  l iq u id  and the system was then  degassed 
by a vacuum pump. This technique ensured  th a t  a r a l  d i t e  p e n e tra te d  
the  pores in  the  oxide and once s e t ,  the hardened r e s i n  h e ld  the 
f r i a b l e  oxide f i rm ly  in  p lace  while the  specimen was s e c t io n e d  and 
p o l ish e d .  This method was used f o r  ox id ized  m etal and oxide samples.
b. s ec t io n in g  of samples.
The a r a l d i t e  mounted samples were s e c t io n e d  along t h e i r  lo n g i tu d in a l  
a x i s  thus g iv in g  a la rg e  su rface  a rea  f o r  m e ta l lo g ra p h ic  in s p e c t io n .
c .  p o l is h in g .
1. to  p rese rv e  the o x ide /m e ta l  in t e r f a c e  a v ib r a to r y  p o l i s h e r  was
i n i t i a l l y  used. The f i n a l  p o l i s h  was produced by a s low ly  
re v o lv in g  pad th a t  had been impregnated w ith  0.05  micron alumina 
powder and w a ter .
2. oxide samples were p o l ish e d  in  a s im i la r  manner to  t h a t  o u tl in ed  
in  s e c t io n  ( 3 ) ( 3 ) ( 8 )  b.
d . e tch in g .
To h e lp  produce c o n t r a s t  between sub-ox ides  and the m e ta l  m a tr ix  
some samples were e tch e d .  The e tch  used was h y d ro f lo u r ic  and n i t r i c  
a c id  in  w a te r ,  in  the  r a t i o  1 :3*4, and the  time of immersion was 
5 seconds.
To a id  i d e n t i f i c a t i o n  o f  the  oxide l a y e r s ,  - a c o lo u r - s t a in  e tch  was 
used  th a t  had been developed by H o t h ^ ^ ^ .  The com position  was 
o x a l ic ,  c i t r i c ,  l a c t i c  and phosphoric a c id s ,  v/ater and e th y l  a lco h o l  
in  the  r a t i o  3*3*10:5*35:60. The c o n d i t io n s  were 20-25°0 a t  17 
v o l t s  d . c .  f o r  approx im ate ly  10 seconds. The co lou rs  were : -  
NbO -  b lu e ,  NbO^- g re y /g reen ,  and Nb^O^ -  red/brown.
(4)* ANALYSIS 0 7 -SAMPLES.
( 4 ) 0  )> NI03IU H/GOPFSR SAMPLES.
( 4 ) 0  ) ( 1 ) .  M a te r ia l  C o l le c t io n .
Samples f o r  a n a ly s i s  were taken from each in g o t u s in g  a f i l e *  
The f i l i n g s  were m a g n e t ic a l ly  sea rched , f o r  fragments of s t e e l ,  
and then  washed in  t r i c h lo r o e th y le n e  to  remove any grease*
( 4 ) 0 ) ( 2 ) .  A nalysis  Method.
Due to  the  la ck  of in fo rm ation  on the niobium /copper system, 
i t  was found n ecessa ry  to  modify the s tan d a rd  th io s u lp h a te / io d id e  
procedure used fo r  o th e r  copper b ear ing  m a te r i a l s .  The method used 
i s  as fo llow s
1. one gramme of the f i l i n g s  was d is so lv e d  in  30 mis of h o t ,  
h y d ro f lo u r ic  and n i t r i c  a c id s ,  in  the r a t i o  3*1• The hyd ro f lou rlc  
a c id  7/as used no t only to d is so lv e  the a l lo y ,  but to  a c t  as  a 
complexing agen t f o r  the  niobium. The niobium, as  a complexed 
ion,would no t i n t e r f e r e  in  the  fo ilow ing  r e a c t io n s .
2 .  the  s o lu t io n  was bo iled  u n t i l  a l l  the n i t r o u s  fumes had been 
ex p e lled .
3* the  s o lu t io n  was then  cooled and n e u t r a l iz e d  w ith  NaHCO  ^ u n t i l  
a s l i g h t  permanent p r e c ip i t a t e  occurred . This ensured  th a t  the 
s o lu t io n  had a h igh pH v a lu e .
4 .  a minimum amount of 50 >0 a c e t i c  a c id  was added to  form cuprous 
a c e t a t e .
5 . the s o lu t io n  was then  warmed to  about 50°C to  a c c e le r a te  s te p  6.
6. 4 grms of potassium  iod ide  were added to produce f r e e  io d in e  
and cup ric  io d id e .
7* a few drops of s ta r c h  were added as an in d i c a to r .
8* the s o lu t io n  was then  t i t r a t e d  a g a in s t  0.1 N sodium th io s u lp h a te .
Using the r e l a t i o n s h ip  th a t  1ml of 0.1 N sodium 
th io s u lp h a te  = 0.006357 grms of copper, the  copper co n ten t  of the
a l lo y s  Y/as c a lcu la ted *  The r e s u l t s  a re  shown in  Table 9*
( 0 ( 2 ) .  NIOBIUM DI0XXD5 DOPED WITH OOEPSR.
( 0 (  2 ) ( 1 ) .  l^ a te r ia l  C o l le c t io n  and Method of Analysis#
A random c o l l e c t i o n  of copper doped Nb09 compacts, to  be used 
f o r  the  c o n d u c t iv i ty  t e s t i n g ,  were crushed between niobium p l a t e s  
and used f o r  the  ana lys is*
The procedure t h a t  had been used f o r  the n iobium /copper a l lo y s  
was found to  be s a t i s f a c t o r y  f o r  the copper doped NbC^* No 
m o d if ic a t io n  was n e ce ssa ry ,  and the a n a ly s i s  f i g u r e s ,  an average 
of th re e  t i t r a t i o n s ,  a re  shown in  Table 9*
NOMENCLATURE.
-  m icron. 10 ^cms.
2
Kb = l i n e a r  r a t e  c o n s ta n t  a f t e r  breakaway, grms/cm / s e c .
2Am* = w eight g a in /a r e a ,  grms/cm •
n = r e a c t io n  exponent.
2q = a rea ,  cm .
Kpm = m odified  p a ra b o l ic  c o n s ta n t . .  g m s 2/c raV sec .
2
Kim = m odified  i n t e r f a c e  r e a c t io n  c o n s ta n t ,  grms/cm / s e c .
t  = tim e.
Kpm0 = I^ e -e x p o n e n t ia l  f a c t o r .
Q = o x id a t io n  a c t i v a t io n  energy . Kcals/m ole.
p ( 0q ) = p a r t i a l  p re s su re  of oxygen.
K1 = l i n e a r  r e a c t io n  r a t e  c o n s ta n t ,  grm/cm / s e c .
J\, = c o n d u c t iv i ty ,  (ohms cm ) •
AS = a c t i v a t i o n  energy f o r  c o n d u c t iv i ty (g e n e ra l  te rm ).
Kcals/m ole.
V* = doubly  charged oxygen vacancy w ith  2 trapped e le c t ro n s .
0 . = doubly charged oxygen ion  on a normal l a t t i c e  s i t e .
V*o = s in g ly  io n ized  oxj^gen vacancy.
V**^ = doubly  charged oxygen vacancy.
e le c t r o n .
o
0^ = doubly charged oxygen i n t e r s t i t i a l .
0 .~  = s in g ly  charged oxygen i n t e r s t i t i a l .
(L “ = oxygen i n t e r s t i t i a l  w ith  2 trapped  e le c to n s .
e + = p o s i t iv e  ho le .
£n = number of d e f e c t s ,
z = charge on the  d e f e c t .
V = m o b i l i ty  of the d e f e c t s .
= a c t i v a t i o n  energy f o r  i n t r i n s i c  conduction .
A Eq = a c t i v a t io n  energy f o r  e x c i t a t io n  in to  a ccep to r  l e v e l .
A  Ed = a c t i v a t io n  energy f o r  e x c i t a t i o n  from donor l e v e l .
Vf = v e l o c i t y  of r e a c t io n .
K = v e lo c i ty  c o n s ta n t .
C = co n ce n tra t io n  of oxygen.
J ,  ' = f l u x  of m a te r ia l  a c ro ss  in te r f a c e  number 1.
1
= f lu x  of m a te r i a l  across  i n t e r f a c e  number 2 .
= . f lu x  of m a te r ia l  a c ro ss  the  oxide l a y e r .
CL = e q u i l ib r iu m  c o n ce n tra t io n  of 0 . “ a t  i n t e r f a c e  2.tdQ____________________________________________ _
C,je = e q u i l ib r iu m  c o n ce n tra t io n  of 0^~ a t  i n t e r f a c e  1*.
. A£  = ©xic(e Sca-feT- th ickness*
Vn = d i f f u s io n  c o e f f i c i e n t  of oxygen i n t e r s t i t i a l s .  .
2D* = frequency  f a c t o r .  •
2 s  a geom etric  f a c t o r .  For f . c . c .  a n d b . c . c .  = 1*
2 .a ■ = the  square  o f the l a t t i c e  param eter .
KS = the c o r r e l a t i o n  f a c t o r .  For f . c . c . = 0 .7 8 ,  b . c . c .=  0*72.
r-' 12V  = l a t t i c e  v i b r a t i o n a l  frequency. Often approx. 5 • 10 •
ASd = m olar en tropy  of fo rm ation  of the  d e f e c t s .
ASm = en tropy  of movement of the  d e fe c t s .
AHd = en th a lp y  of fo rm ation  of the ' d e f e c t s .
AHn = en tha lpy  of movement o f  th e  d e fe c t s .
R = gas c o n s ta n t .
(5). 33SJLT3.
THE OXIDATION OF NIOBIUM AND NIOBIUM/COPPER AIL0Y3 IN AN 
OXYGEN PARTIAL PRESSURE OF 76 ram.
The approach to  the  o x id a tio n  of niobium, and d i l u t e  n iob ium / 
copper a l lo y s  was d iv ided  in to  th ree  main c a te g o r ie s .  They -were
1 . o x id a t io n  of the samples and a p p l ic a t io n  of the w eight g a in  
da ta  to  a s u i t a b le  r a t e  equa tion .
2 . v a r i a t i o n  of the  p a r t i a l  p re ssu re  of oxygen to  in d ic a te  the 
o x id a tio n  m echanism s.-
3* examination of the o x id a tio n  p ro d u c ts .
However, du rin g  the course  of the experim ents i t  became n ecessa ry  
to  augment t h i s  data  w ith  supplem entary exper im en ta tion  in  o rder 
to  m ain ta in  coherency between the th ree  c a te g o r ie s .  The c o n d u c t iv i ty  
work and o x id a t io n  of oxide samples a re  examples of t h i s .
( 5 ) ( 1 ) ( 1 ) .  Production  of the  Oxidation Curves.
Weight in c re a s e s ,  in c u rre d  over a known su rface  a r e a ,  were 
p lo t t e d  v e rsu s  a f ix ed  in c re a s e  in  o x id a tio n  time f o r  niobium and 
d i l u t e  n iobium /copper a l l o y s .  The a l lo y s  used in  t h i s  in v e s t ig a t i o n  
were : -
Atomie_percent Copper.
0.44 
1 .25 
2 .03  
3«10
6.73 
26.90
The r e a c t io n  tem peratures  chosen were 
°G entig rade.
548 635
5^3 658
578 690
602 749.
The i n i t i a l  o x id a t io n ,  approxim ate ly  t h i r t y  m inu tes ,  was 
followed by re c o rd in g  weight in c re a s e s  every  t h i r t y  seconds* A f te r  
th i s  p e r io d  the  observed l i n e a r  reg ion  was monitored a t  15 , 30, and 
60 minute i n t e r v a l s .  I t  i s  ev iden t from the  cu rv es ,  F ig u res  11-22 , 
t h a t  f o r  a g iven  tem perature  an a d d i t io n  of copper
a .  in c re a se d  the  weight g a in  p e r  hour.
b . a l t e r e d  the  r a t e  c o n s ta n t  f o r  the  i n i t i a l  p a r t  of the  cu rve .
c .  a l t e r e d  the  r a t e  c o n s ta n t  f o r  the l i n e a r  reg io n ,  Kb.
(5)(1 ) ( 2 ) .  D eterm ination of the  Rate Lav/.
In  o rder  to  e s t a b l i s h  the  value of the  r e a c t io n  exponent the  
weight ga in  versus  time curves  were t r a n s la t e d  in to  lo g a r i th m ic  
p lo t s .  F ig u res  23~34« From these  curves i t  was observed t h a t  : -
a .  each p l o t  d isp lay ed  a t  l e a s t  two i n t e r s e c t i n g  s t r a i g h t  l i n e s  th a t
could be r e p re se n te d  by x11 = Kr • t .
b . una lloyed  niobium gave a t r a n s i t i o n  r a t e  r e g io n ,w i th  the  va lu es
of n being l i s t e d  in  Table 10  , a t  578 ,602,635,658,690 and
749°0.
c .  the  a d d i t io n  of a sm all amount of copper d id  no t s i g n i f i c a n t l y
a l t e r  the d u ra t io n  of the i n i t i a l  k i n e t i c s ,  o r  change the va lue
of n f o r  the i n i t i a l  r a t e .  Table 1 0 .
d . a d d i t io n s  of copper had l i t t l e  e f f e c t  on the v a lu es  of n t h a t
corresponded to  the l i n e a r  re g io n  on the  w eight ga in  v e rsu s  time-
cu rves . Table 11 .
(5)(^  )(3)* The D eterm ination  of R eaction  Constants U sing  the 
Modified P a rab o lic  P lo t .
This r a t e  law i s  capable of s p l i t t i n g  up a sim ultaneous 
i n t e r f a c e  r e a c t io n  and a p a ra b o l ic  growth mechanism. The reasons  
f o r  u s in g  i t  here w i l l  be d iscussed  l a t e r ,  however the  law may be 
w r i t t e n  .
(A m* )2 ( Am1 ) (24)
Kpm Kira
F igu res  35-56 a re  p lo t s  of t/fam' versus  Am1 and they  y ie ld e d  the 
fo l lo w in g
a .  a l i n e a r  curve .
b. the  p a ra b o l ic  r a t e  c o n s ta n t ,  Kpm. ( th e  r e c ip r o c a l  o f  the  slope)*
c .  the  in te r f a c e  r a t e  c o n s ta n t ,  Kim. ( th e  r e c ip r o c a l  o f  the  i n t e r ­
c ep t  on the t/^m ' o rd in a te ) .
Thus, the  m odified  p a ra b o l ic  and i n t e r f a c e  r a t e  c o n s ta n ts  were 
determ ined and t h e i r  v a lu es  a re  recorded  in  Tables 12,1 >
(5)(1 ) ( 4 ) .  The V a r ia t io n  of Kpm w ith  Copper Content.
F igure  57 i l l u s t r a t e s  the e f f e c t  copper had on the  va lue  of the 
m odified  p a ra b o l ic  c o n s ta n t  as the tem perature  was v a r i e d .  I t  was 
n o tic e d  th a t
a .  as  the  tem perature was decreased the  e f f e c t  of copper became l e s s  
pronounced in  in c re a s in g  the va lue  of Kpm.
b. a t  602°C the change in  Kpm w ith  the a d d i t io n  of copper was sm a l l .
c .  a t  lower tem peratures  th e re  was a sudden in c re a se  in  Kpm w ith  
in c re a se  in  copper.
( 5 )(1 )(5 )»  The V a r ia t io n  of Kim w ith .Copper Content.
F igure  58 in d ic a te d  th a t  copper had ve ry  l i t t l e  a f f e c t  on 
the  l i n e a r  c o n s ta n t  throughout the tem perature  range used .
( 5 ) 0 ) ( £ ) •  The D eterm ination  of A c t iv a t io n  Energies o f  O xidation .
The logarithm  of the m odified p a ra b o l ic  c o n s ta n ts  were p lo t te d  
v e rsu s  the  r e c ip r o c a l  of the  ab so lu te  temperature*. From Figure  59 
i t  v;as observed th a t
a .  f o r  unalloyed  niobium the re  was a change in  o x id a tio n  mechanism 
a t  approxim ate ly  635°C.
b. both curves obeyed the r e l a t i o n s h ip  : -
Kpm = Kpm0 • exp. -  Q/RT. • * • • • » • • • • • • • • ( 2 5 )
The va lu es  of Q a re  shown on Figure 59 .
However, f o r  a d d i t io n s  o f  copper the  s a l i e n t  f e a tu r e s  were, 
t h a t  th e re  was a change in  mechanism and a sudden in c re a s e  in  Kpm
a t  approxim ate ly  602°C, th a t  the curves d id  no t obey eq u a tio n  (2 5 )>
and th a t  as the copper co n ten t  in c re a se d  so the d e v ia t io n  from the 
A rrhenius p lo t  in c re a s e d .  Figures 59 and 60.
( 5 ) 0 )(7)* The de te rm in a tio n  of A c t iv a t io n  Energ ies  f o r  the  
I n te r f a c e  R eac tion .
A rrhenius curves were u lo t te d  f o r  the  values of the  l i n e a r  
c o n s ta n t s ,  Kim. Unalloyed niobium and niobium/copper a l l o y s  behaved 
s i m i l a r l y  and from F igures  61-63 the im portan t f e a tu r e s  were : -
8 . th e re  was no change in  mechanism in  the  tem perature  range 548-
b. the  curves obeyed the r e l a t i o n s h ip  : 
Kim = Klm° » exp* -  Q/RT (26)
where the  values  of Q a re  recorded in  Table 14 •
c .  the  s lope  of the curves  remained u n a ffec ted  by the  a d d i t io n s
o f copper.
( 5 ) ( 2 ) .  OXIDATION ON NIOBIUM AND NIOBKM/OOPPSR ALLOYS AT VARIOJS 
PARTIAL PRESSURES OF 0 X Y G 5 N * __________ __
D eterm ination of the Rate Law.
For t h i s  s e r i e s  of experiments the  tem perature  was m ainta ined  
a t  690°C. The weight g a in  data was p lo t t e d  as a log,, ^-log^ ^ curve 
in  o rd e r  to  o b ta in  the  r e a c t io n  exponent. Tables 15-18 , F igures
64-66. C onsidering unalloyed  niobium i t  was n o tic ed  th a t  
a# a t  high p a r t i a l  p re s su re s  of oxygen the  . shape of the  curves  was 
s im i la r  to  those ob ta ined  a t  76 mm of oxygen.
b. w ith  an in c re a se  in  p re s su re  the  curves were d is p la c e d  towards 
in c re a se d  weight g a in .
c .  a t  7*6 and 0.76 mm of oxygen two r a t e  laws were found p r i o r  to 
the  modified p a ra b o l ic  lav/. The d u ra t io n  of these  r a t e s  increased 
w ith  d ecreas in g  p re s su re .
Additions of copper d id  not change the shape of the curves
but in d ic a te d  th a t  as the copper con ten t was in c re a se d  so the weight
g a in  in c re a se d .
( 5 ) ( 2 ) ( 2 ) .  The Dependence of Kpm and Kim on the P a r t i a l  P re s su re  
o f  Oxygen.
From Tables 20, 21 i t  v / i l l  be n o ticed  th a t  the  v a lu e s
of Kpm and Kim, ob ta ined  from F igures  67-72, e x h ib i te d ,  f o r  the  . 
p re s su re  range 0 . 76-760 mm of oxygen, the  fo llow ing
a .  Kpm values  f o r  unalloyed  niobium, and each niobium /copper a l lo y ,  
remain c o n s ta n t .  F igure  73*
b. Kim va lues  in c re a se  w ith  in c re a s in g  p a r t i a l  p re s su re .
(5 ) (2 ) (3 )»  D eterm ination  of the P ressu re  Dependence o f  Kim.
The logarithm  of the  Kim v a lu es  f o r  unalloyed and a l lo y ed  
niobium were p lo t te d  ve rsus  the lo g a ri th m  of the p a r t i a l  p re s su re  
o f  oxygen. F igures  75, 76 ^disp layed  the fo llow ing  : -
a .  the  curves obeyed the  r e l a t i o n s h ip  ■
log10Klm = l ° g 1QK + l / n l o g 10p(02 ) .   (27)
b . f o r  a l l  samples the  value of n was 1 . 8 .
(5 ) (3 )«  THF OXIDATION OF NIOBITM DIOXIDE SAMPLES.
(5 ) (3 ) (1  )• D ensity  Measurements.
To check th a t  the  compacts to be used in  the  c o n d u c t iv i ty  
experim ents and the  c a s t  oxide samples were HbO  ^ and no t NbO/NbO^, 
or NbO^/Nb^O^ m ix tu res ,  d e n s i ty  measurements , u s in g  a s p e c i f i c  
g r a v i ty  b o t t l e ,  were performed on crushed specimens. S im ila r  
d e te rm in a tio n s  were performed on la rg e  c r y s t a l s  and fragm ents  of 
c r y s t a l s  e x tra c te d  from c a r e f u l ly  broken, cast'NbO^-and NbO/NbO^ 
samples used in  the  o x id a tio n  t e s t s .  The r e s u l t s  a re  l i s t e d  in  
Table 19 .
(5)(3)(2). X-Ray Identification
The c a s t  samples used f o r  o x id a tio n  and the poivder used f o r  
c o n d u c t iv i ty  experiments were i d e n t i f i e d ,  u s ing  Magneli* s
f i g u r e s ,  as t e t r a g o n a l ,  r u t i l e  type NbO . This augments the  d e n s i ty  
measurements.
J u s t i f i c a t i o n  f o r  th i s  s e r i e s  of experim ents was c e n tre d  on 
the  su sp ic io n  th a t  the i n t e r f a c e  r e a c t io n ,  Kim, could be the  same 
r e a c t io n  th a t  would occur i f  an ITbOg sample was o x id ized , i . e ,
vthere x re p re s e n ts  supernumerary oxygen, and y , oxygen d e f f i c i e n c y .  
The r e a c t io n  could  only be followed f o r  approx im ate ly  7 m inutes 
s in ce  a f t e r  t h i s  period  excess ive  s p a l l in g  and f rag m en ts t io n  of 
the  samples occurred . However t h i s  period  o f time was s u f f i c i e n t  
to  o b ta in  the  re q u ire d  curve and re a c t io n  c o n s ta n t ,  Kl. F igure  77 
and Table 22 •
( 5 ) ( 3 ) ( 0 *  The Dependence of Kl on the  P a r t i a l  P ressu re  of Oxygen.
F igure  76 re p re s e n ts  the v a r i a t i o n  of the  logarithm  of Kl 
versus  the lo g a rith m  of the p a r t i a l  p re s su re  o f  oxygen. The reac tian  
tem perature  was 690°C. This curve showed the  fo llow ing  J-
a .  adherence to  the r e l a t i o n s h ip
(5 ) (3 ) (3 )*  P roduction  of the  O xidation  Curves.
(2 8 )
lo g 10K + 1/n l° g 10p(02 ) .................
b. a value of n equal to  1*52 .
o-
c .  a s i m i l a r i t y  w ith  the  log^ ^Klm versus  log^ 0 p a r t i a l  p re s su re  
of oxygen p lo t*
(5)(4)*  LIMITS OF APPLICABILITY OF THE MODIFIED PARABOLIC LAW.
The In f lu en c e  of Temperature, Oxygen P re s su re  and Oopper 
Gontent*
At the lower p a r t i a l  p re s su re s  o f oxygen the m odified  p a ra b o l ic  
law d id  not app ly  w hile  the m a te r ia l  was in  the r a p id  r a t e  law a rea  
shown on the F igures  The r a t e  law va lues  f o r  these  reg io n s
a re  l i s t e d  in  Tables 15> ^8 * The l i m i t  of d u ra t io n  of the  law was 
found when the law broke-down a t  the  onset of breakaway o x ida tion  
and the  curves tended to  become approx im ate ly  p a r a l l e l  w ith  the-Am’ 
ab sc issa*  The e f f e c t s  of tem pera tu re , oxygen p re s su re  and copper 
co n ten t  can be summarized as  fo llow s
in c re a s in g
tem perature .
Am' ?
in c re a s in g  ;o 
copper*
A rn'
( a ) (b )
niobium a t  5 h $ 0 
and 
76 mm p(C>2 )*
(c )
Am
(a)
A m #
From these  diagrams the l im i t s  of the  a p p l ic a t io n  o f  the  m odified 
p a ra b o l ic  law can be seen . They a re
a .  h igh  tem peratures  cause the va lue  of Kpm to  be i n f i n i t e l y  
l a r g e ,  i . e ,  from the  equation
t  = A m1 + 1
A mf Kpm Kim
i f  Kpra approaches an i n f i n i t e l y  la rg e  value  then Am’/  Kpm i s  
i n f i n i t e l y  sm a l l .  Thus the t/ftm1 p lo t  becomes h o r iz o n ta l  as 
shown in  diagram ( a ) .
b . an in c re ase  i n  copper has a s im i la r  e f f e c t  on Kpm as shown in  
diagram (b ) .
c .  h igh  p a r t i a l  p re s su re s  of oxygen decrease the d u ra t io n  of 
a p p l ic a t io n .  At 690°G in  380 and 760 mm of oxygen the  law 
a p p lied  f o r  approxim ately  10-12  m inutes , f o r  a 2*46 atomic yo 
copper a l lo y ,  be fo re  d e v ia t in g  towards l i n e a r  k i n e t i c s .  These 
c o n d it io n s  p robab ly  r e p re s e n t  the  upper l im i t  of d e te c ta b le  
a p p l ic a t io n  of the  m odified p a ra b o l ic  lav;.
d .  niobium a t  548°C in  76 mm of oxygen re p re se n te d  the  lower l i m i t  
of a p p l ic a t io n  s in c e  the r e a c t i o n ,  w ith an exponent of very  
n e a r ly  2 , cou ld  be c la s se d  as p u re ly  p a ra b o l ic .  Thus the  curve 
should i d e a l l y  pass  through the o r ig in  s in ce  from the  eq uation  
in  s e c t io n  a above, i f  Kim approaches then l/oo»-*-0 and 
th e re  would be no s i g n i f i c a n t  c o n t r ib u t io n  from the  i n te r f a c e  
r e a c t io n .
The e r r a t i c  n a tu re  of some of the  Kim v a lu es  i s  a t t r i b u t e d  to  
two f a c to r s  namely ( a ) ,  the n a tu re  of the d e te rm in a t io n  of Kim, and 
( b ) ,  the  lack  of c o n t ro l  of the  su r fa ce  area  of the  ox ide /ox ide  
boundary du ring  the  r e a c t io n .  C onsidering  the form er i t  w i l l  be 
observed th a t  Kim i s  determined by e x t r a p o la t io n  to  zero  w eight g a in .  
However, v a r ia b le  in cu b a t io n  p e r io d s ,  anywhere between 0 and 1«5 
m in u tes ,  were o f te n  observed f o r  specimens a t  low tem pera tu res  p r i o r  
to  a v/eight in c re a s e  re c o rd in g .  Since the  t/fim1 v e rsu s  Am1 p lo t  
commenced a t  Am* = 0  when t  = 0, and no t when t  = x m inu tes ,  Kim 
v a r ie d  w ith  in c u b a t io n  p e r io d .  The second f a c t o r , ( b ) ,  a r i s e s  
because Kim i s  dependent on the s u r fa c e  a rea  of the  r e a c t i o n  s i t e ,  
and the  area used throughout the c a lc u la t io n  i s  the  o r ig i n a l  s u r fa c e
a re a  of the  m eta l sample* During ox id a tio n  the  s u r fa c e  area  of the  
r e a c t i o n  s i t e ,  namely the  oxide/oxygen i n t e r f a c e ,  could  va ry  
u n c o n t ro l la b ly  due to  c rack in g , f i s s u r i n g  or p o r o s i ty  and thus  le a d  
t o  some e r r a t i c  behaviour. However, r e p l i c a t e  o x id a tio n  runs  and 
t e s t s  on m a te r i a l  of s im i la r  com position were in  agreement w ith  the  
t r e n d s  or magnitudes g iven in  Tables 12, 1 3, 20, 21. This was 
taken  as  a measure of r e p r o d u c ib i l i t y
(5 )(5 )»  THE MSTALLOGRAPHY OF OXIDIZED METAL AND OXIDE SAMPLES.
( 5 ) ( 5 ) ( 1)• X-Ray Examination of Oxide S c a le s .
Q u a l i t a t iv e ly  both Nb^O ' and NbO^ were i d e n t i f i e d  as  being  
components of the  s c a le  removed from the su rface  of the  m e ta l ,  bu t 
on ly  ^ 2^5 was ^ oun^ in - s c a le s  ■ formed a t  578°C.
The s t r u c tu r e  of the  Nb^O^ and NbO  ^ components were found to  
be <5 pseudo-hexagonal and te t r a g o n a l  R u t i le  r e s p e c t iv e ly .
( 5 ) ( 5 ) ( 2 ) .  The O xidation  of Metal Samples a t  635-749°C.
Oxidized samples of com position 0 .0 -2 .4 6  atomic % copper 
a t  0 . 76-760 mm of oxygen and 690°0 , . a n d  0 . 0- 3 .10  atomic $  copper 
a t ’76 mm of oxygen and 635-749°G, were s im i la r  in  g e n e ra l  f e a tu re s*  
However, th e re  were dim ensional d i f f e r e n c e s  in  s c a le  th ic k n e sse s  
and these  a re  recorded  in  Tables 23 and 24* Other g e n e ra l  f e a tu r e s  
o f  the  o x id a tio n  inc lude
a* on each specimen th e re  were two d i f f e r e n t  oxide l a y e r s .  The in n e r  
oxide was NbO and the o u te r  was Nbo0_. P l a t e  7.
b . under p o la r iz e d  l i g h t  the in n e r  l a y e r  was dark g re y /b la c k ,  
but the NbgO^ was y e llo w /w h ite .  P la te  8 .
c .  the  NbO l a ye r  was ad heren t ar*d pore f r e e ,  P la te s  7-9 , w hile  
the  pen tox ide  was o f ten  h e a v i ly  cracked w ith  an occas io n a l  
c rack  normal to  the  NbO  ^ surface*  
d* i s o l a t e d  c re scen t-sh ap ed  cracks  were found in  the NbOg la y e r  
before  breakaway oxidation* P la te  9* 
e* a t  breakaway o x id a tio n  the HbO  ^ la y e r  con ta ined  numerous c re s c e n t  
shaped h o le s  n e a r ,  or a t , . t h e  Nb/NbC^ i n t e r f a c e .  P la te  10* 
f* detached a re a s  of NbO  ^ had oxidized to  the  pentoxide* P la te  10* 
g* the  de tached  area of NbO  ^ d id  no t always form a b l i s t e r . - This 
can be seen in  P la te  10* However, a f t e r  the complete detachment 
of a s e c t io n  of the  s c a le  su r fa ce  rum pling could o f ten  be seen 
a t  the  oxide/oxygen i n t e r f a c e .  P la te  11* 
h* P la te  9 shows a ty p ic a l  a rea  th a t  had h e a v i ly  cracked above a 
c re sc en t-sh a p e d  hole  in  the  oxide* 
i* a f t e r  breakaway o x id a tio n  the  ITbO^  la y e r  was i r r e g u l a r  in  
th ickness*
j*  o n ly  a few  s u b -o x id e  p l a t e l e t s  w ere o b se r v e d  e x te n d in g  fr o m  th e  
Nb/NbO^ i n t e r f a c e  i n t o  th e  m e t a l .  P la t e  12*
For measurement of s c a le  dim ensions, samples r e a c te d  a t  76 mm 
of oxygen f o r  5 hours were chosen* I t  was observed t h a t
a .  f o r  every  copper co n ten t  throughout the  tem perature range the 
Nb^Oj. l a y e r  th ick n ess  in c re a se d .  Table 23*
b. a t  690 and 749°C the f i r s t  pen tox ide  la y e r  ( a t  the  ox ide /gas  
i n t e r f a c e )  v/as th i c k e r  than subsequent layers*
These two observa tions  a re  i l l u s t r a t e d  by a 1 .25 atomic $  copper 
a l l o y  in  P la te s  13-18.
I t  w i l l  f u r th e r  be observed from Table 2 3 th a t  : -
c* f o r  a g iven atomic fo copper a d d i t io n  as the  tem pera ture  was 
r a i s e d  to  690°0 the  HbO  ^ th ick n ess  in c re a se d ,  but a t  749°C! i t  
decreased*
d* f o r  a g iven atomic fo copper a d d i t io n  up to  690°0 the  number of 
pen tox ide  la y e rs  d ec reased , but a t  749°G there  was an in c re a s e ,
e . f o r  every  tem pera tu re , except 749°C, an in c rease  in  copper 
c o n te n t  inc reased  the  NbO  ^ la y e r  th ickness*  However, f o r  a
3*10 a tcm ic >o copper a l lo y  the  th ic k n e ss  decreased .
f .  f o r  a g iv e n  tem p era tu re , th e  number o f  Nbo0_ l a y e r s  in c r e a s e  
w ith  a l l o y  co p p er  c o n t e n t .
g . as the  copper c o n te n t  inc reased  the  co lo u r  of the  pen tox ide  
changed from yellow/W hite to  green.
(5 ) (5 ) (3 )*  The Low T em perature O x id a t io n  of M eta l S a m p le s .
At 76 mm of oxygen and below 633 2nd 602°C f o r  u na lloyed  
and a l lo y e d  niobium r e s p e c t iv e ly ,  the  oxide la y e r s  produced during  
o x id a tio n  were so f i n e  and numerous t h a t  th ick n ess  measurement was 
d i f f i c u l t .  However, excep t f o r  the occurrence of sub-ox ide  p l a t e l e t s  
a t  the  ox ide /m eta l i n t e r f a c e  the  main f e a tu r e s  were the  same as those 
observed in  the 635-749°0 ca tego ry . However, i t  was observed th a t
a .  the  sub-oxide p l a t e l e t s  developed i n i t i a l l y  ve ry  r a p id ly ,  and 
a f t e r  5-7  minutes of ox ida tion  they  had grown to  approx im ate ly  
one t h i r d  of t h e i r  f i n a l  len g th .  P la t e s  19 and 20 .
b. w ith  the o x ida tion  time the p la t e s  p r im a r i ly  len g th en ed , and o f ten  
l a rg e  wide p l a t e l e t s  were found to  be comprised o f  s e v e r a l  f i n e r  
p l a t e s  under g r e a t e r  m ag n if ic a t io n .  P la te s  21 and 22.
c .  the  p l a t e s  d isp lay ed  one growth d i r e c t i o n  pe r c r y s t a l ,  bu t r a r e  
excep tio n s  were found near  g ra in  boundaries -where two. d i r e c t io n s  
were observed. O ccas io n a lly  p l a t e s  were found to  be kinked 
w ith  t h e i r  f i n a l  and o r ig i n a l  d i r e c t io n s  being p a r a l l e l .
d .  some p l a t e s  d isp lay ed  a tendency towards p r e f e r e n t i a l  o x id a t io n .  
P la te  25* This was more e a s i l y  observable  in  the  l a rg e  sub-oxide 
p l a t e l e t s  formed a t  high tem pera tu res .  P la te  12 .
e .  j u s t  before  breakaway o x ida tion  c racks  were observed a t  the 
Nb/NbOg in te r f a c e  p a r t i c u l a r l y  between a d jacen t  p l a t e l e t s .
P l a t e  23* This phenomenon was s t i l l  ope ra tive  a f t e r  breakaway. 
P l a t e  25.
f .  oxide formed over the sub-oxide p l a t e l e t s  was o f te n  ad heren t 
even though neighbouring  oxide had cracked  h e a v i ly .  P la t e  25*
examples could be found where c re scen t-sh ap ed  c rack s  had formed 
in  the  in n e r  s c a le  w e ll  before breakaway. P la te s  20 and 23*
Such i s o l a t e d  c racks  o f ten  caused sm all a reas  of s c a le  to be 
o x id ized  to  the  pen tox ide . The e x te n t  of t h i s  abnormal 
behav iour v/as no t s u f f i c i e n t  to  r e g i s t e r  on the  t/&Taf versus  Am1 
cu rve .
in n e r  s c a le  detachment r e s u l t e d  from f a i l u r e  a long  the  n iobium / 
in n e r  s c a le  i n t e r f a c e .  The in n e r  la y e r  shown in  P l a t e  25 was 
i n  the p rocess  of detachment.
two modes of in n e r  s c a le  advancement could be found. Both modes 
a re  n o t ic e a b le  i n  P la te  25* They a re  : -
in n e r  s ca le
(a)
p l a t e l e t s
in n e r  s c a le
(a )  i l l u s t r a t e s  no p r e f e r e n t i a l  ox ida tion  a long  the  sub-oxide 
p l a t e l e t s ,  and (b )  p o r t ra y s  some p e n e t r a t io n ,  
a f t e r  f iv e  .hours of o x id a tio n  the  su rface  of the  m etal v/as 
roughened and th e re  were c ra c k s ,  a t  the  o x ide /m e ta l i n t e r f a c e ,  
extending from p l a t e l e t  to  p l a t e l e t .  Many of th ese  c racks  
appeared to  have been formed in  the same p o s i t io n  as the  c racks  
th a t  had produced the p rev ious  detached l a y e r .  P la te  25* 
a t  602°0 the  number of p l a t e l e t s  a t  the in n e r  ox ide /m eta l 
in te r f a c e  of a niobium /copper a l l o y  was l e s s  than  in  an 
unalloyed  niobium sample. P la t e s  21 and 26 . 
a lthough the pentoxide la y e r s  were f i n e ,  the  o v e ra l l  view of 
them a t  h igh m ag n if ica t io n  was s im i la r  to  t h a t  of la y e r s  
produced a t  h ig h e r  tem p era tu res .  P la te s  17 and 18.
(5)(5)(4). Features of Oxidised Niobium Pioxide.
The d io x id e ,  P la te  27. ox id ised  in  v a rious  p a r t i a l  p re s su re s
o f oxygen a t  6S0°0 f o r  5-7  minutes d isp la y ed  the fo l lo w in g
a .  a l i g h t  g rey  l a y e r  of cracked oxide on the  s u r fa c e  o f  the  
sam ple. This l a y e r  appeared ye llow /w h ite  under p o la r iz e d  
l i g h t .  P la te  28.
b . the  outermost edges of the grey l a y e r  appeared to  have been 
co n v er ted  in to  the  w hite  s to ic h io m e t r ic 2 5
c .  the l i g h t  g rey  l a y e r ,  n o n -s to ic h io m e tr ic  !Tbo0 _, d id  n o t  form in  
d i s c r e t e  la y e r s  as  was most n o t ic e a b le -o n  the m eta l sam ples.
( 5 ) ( 5 ) V5)• F ea tu re s  of an Oxidized NbO^/^TbO^ + NbO) S u te c t i c  A lloy .
These two-phase a l l o y s ,  P la t e  29, were ox id ized  in  7*6 mm of 
oxygen p re s su re  a t  690°O, f o r  m e ta l lo g rap h ic  pu rposes . I t  was 
co n s id e red  th a t  i f  an a l l o y  co n ta in ed  IfbO as a s t a b l e  phase then  
the  NbO  ^ e x i s t i n g  w ith  i t  should  d i s p la y  i t s  n~type sem iconductor 
form, i . e ,  i t  should  e x i s t  w ith  i t s  maximum de: f i c i e n c y  of oxygen, 
v i z ,  NbO^  S ince the a l l o y  would u l t im a te ly  ox id ize  to
a g rad u a tio n  of c o lo u r  may be found ac ro ss  the  s c a le  as  the 
changes from n - ty p e  to  s to ic h io m e t r ic  to a p - ty p e  oxide and f i n a l l y  
to  the  ye llow /w h ite  pen tox ide . The co lou rs  of the  NbO  ^ may then  
be compared w ith  t h a t  found on ox id ized  niobium, and n iob ium /copper 
a l l o y s ,  and hence in d ic a te  which ca teg o ry  of com position  the  s c a le  
embraces. O xidation  of such an a l l o y  re v e a le d  the  fo l lo w in g
a .  a g rey  ad h e ren t  l a y e r  on the su r fa ce  of the  a l l o y .  P la t e  30.
b. under p o la r iz e d  l i g h t  the g rey  l a y e r  could be v i s i b l y  s e p a ra te d  
in to  a w hite  pentoxide and a dark  g re y /b la c k  ITbO^  l a y e r .  P l a t e
31.
c .  adhesion between the  ITb^Oj. and NbO^ la y e r s  appeared to  be f a i r .
These observa tions  may be compared w ith  the m e ta l /o x id e  in te r f a c e  
o f  a niobium sample. P la te  7* Under p o la r iz e d  l i g h t  the  two o u te r  
layers on the  oxide and m eta l sample appeared to  be o c u la r ly  s im ila r*
(5 ) (5 ) (6 )*  M icrohardness Measurements*
Oxidized samples, from the ranges 578, 602fand 690°C a t  76 mm 
o f  oxygen, and 690°0 a t  0 *76 mm of oxygen p re s s u re ,  were sec t io n e d  
and polished* Three hardness t r a c e s ,  from the o x id e /m e ta l  in t e r f a c e  
in to  the m eta l,  were then made on the su rface  of each specimen.
Each curve in  F igu res  78-82 r e p re s e n t  the average of the  re s p e c t iv e  
tra ces*  I t  was found t h a t  : -
a .  oxygen p e n e t r a t io n  in to  the m e ta l ,  i . e ,  con tam in a tio n ,  was 
decreased  by an a d d i t io n  of copper. F igure 83. 
b* f o r  a given copper con ten t an in c re a se  in  tem perature  in c reased  
the  depth of oxygen contamination* Figure 8k»
Hardness measurements of the  NbO  ^ sca le  produced on samples 
r e a c te d  a t  690°C in  0,76  mm of oxygen p re ssu re  showed th a t  the 
hardness  in c reased  as  the  copper c o n te n t  of the m eta l  a l l o y  
in c re a se d .  I t  was a l s o  found th a t  the  hardness p l o t t e d  a g a in s t  the  
copper co n ten t  v/as a l i n e a r  re la tionsh ip*  F igure  7k •
( 5 ) ( 5 ) ( 7 ). Oxida t io n  of A lloys C onta in ing  Two Phases*
O xidation , a t  690°C in  76 mm of oxygen, of a 6*73 and a 26*9 
atomic fo a l l o y  wa3 in c o rp o ra ted  in to  t h i s  in v e s t ig a t i o n  to  see i f  
the  presence  o f  ( a ) ,  sm all amounts of a second phase or ( b ) ,  a 
continuous g ra in  boundary p r e c i p i t a t e  of a c o p p e r - r ic h  phase would 
s i g n i f i c a n t l y  a l t e r  the m ic ro s t ru c tu re  of the  s c a l e .  I t  was observed 
t h a t
a* in  both a l lo y s  the c o p p e r - r ic h  beta phase en te red  the  in n e r
s c a le  where i t  appeared to  be ox id ized . Cracking o f the  in n e r  
s c a le  was o f ten  a s s o c ia te d  w ith  p ie ce s  of the  beta phase . 
F ra c tu r in g  of the in n e r  s c a le  a t ,  or n e a r ,  the n iob ium / oxide 
i n t e r f a c e  was a l s o  observed. P la te  32.
b. the  c o n t in u i ty  of the  in n e r  oxide on the  26 .9  atomic copper 
a l l o y  was o f ten  broken, a t  the ox ide /m eta l  i n t e r f a c e ,  by a 
s e c t io n  of the  g ra in  boundary beta phase . P la te  33*
c .  the  lay ered  n a tu re  of the Hb^Oj. observed f o r  the a l lo y s  in  the 
s o l i d  s o lu t io n  range and the  6*73 atomic copper a l l o y ,  P la te  
34, was no t  m ain ta ined  f o r  the 26.9  atomic % copper a l l o y .  The 
observed d i s t o r t i o n  of the  la y e r s  appeared to be caused  by the 
be ta  phase . P la te s  35 and 3&* A comparison w ith  P l a t e  37,
a g e n e ra l  view of the  l a y e r s  formed on una lloyed  niobium, 
d e sc r ib e s  the  ex ten t  of th e  d i s t o r t i o n  of the la y e r s .
( 5 ) ( 5 ) ( 8 ) .  M icroscop ical Examination of an NbO  ^ C o n d u c t iv i ty  Sample.
A compact was taken a f t e r  t e s t i n g  a t  600°C, a t  p r e s s u re s  
where the  c o n d u c t iv i ty  curves  became i r r e v e r s i b l e ,  and p o l i s h e d .
From P la te  38 i t  w i l l  be seen th a t  the b lack  NbO  ^ has been p a r t i a l l y  
oxid ized  to  the  white pen to x id e .
The A p p lica t io n  of the  Scanning E lec tro n  Microscope 
( s te r e o s c a n ) .
In  t h i s  in v e s t ig a t io n  the s te reo sc an  has been used as  a 
microscope to  in sp ec t  some p o lish ed  sam ples. However, in  t h i s  section 
i t  was used to  prov ide  in fo rm ation  concern ing  the topography of 
oxid ized  samples. I t  produced the fo llow ing  f a c t s
U nalloyed  niobium and d i l u t e  niobium /copper a l l o y s .
a .  in s p e c t io n  of a g e n e ra l  a rea  of the oxide su rface  p r i o r  to
to  breakaway ox id a tio n  showed i t  to  be o f  a g ra n u la r  n a tu re .  
P la t e  39*
b. th e re  were two types of su rface  im p e rfec tio n s  found on oxidized 
m eta l  samples. They were, ( a ) ,  o c ca s io n a l  severe and lo c a l  
b l i s t e r i n g .  The b l i s t e r s  were o f ten  h e a v i ly  f i s s u r e d ,  P la te  
40 , and occurred before  breakaway o x id a t io n ,  and ( b ) ,  l i g h t  
co loured  a reas  th a t  spread  and embraced type (a)-when p re s e n t .  
These a re a s  occurred a t  breakaway o x id a t io n .  P la te s  M and 42.
c .  r a p id  co o l in g  of a sample th a t  had been oxid ized  a t  690°G in
76 mm of oxygen f o r  27 minutes r e s u l t e d  in  s p o i l in g  of the oxide.
In s p e c t io n  of th e - f r a c tu r e d  a re a ,  P la t e  43, re v ea led  t h a t  the 
s c a le  was comprised of two la y e r s  and t h a t  p roud ,hem ispher ica l  
oxide is la n d s  remained a t ta c h e d  to  the  s u b s t r a t e .
d .  a f t e r  5 hours a t  690°0 in  76 mm of oxygen the s u r fa c e  of the
samples was c ra c k e d . t P la te  44 i s  a ty p ic a l  example of the 
c rack in g .
e .  unalloyed  niobium oxidized a t  578°C in  76 mm of ox3rgen f o r
5 h ou rs ,  and then  s t r ip p e d  of i t s  oxide by h y d ro f lo u r ic  a c id ,  
rev ea led  a p a t t e r n  rep re se n te d  by P la te  45. I t  w i l l  be n o t ic e d  
t h a t  the exposed su rface  con ta in ed  numerous h o le s .
Two-phased a l l o y s .
a .  a f t e r  5 hours in  76 mm of oxygen a t  690°0 the  s c a le  on the
su rface  of a 26*9 atomic }q copper a l l o y  was n o n -p la n a r .  Proud, 
h e a v i ly  f i s s u r e d  r id g e s  were found th a t  v/ere l in k e d  to g e th e r  
to  form a p a t t e r n  resem bling a g ra in  boundary network. P la te  
46 . This may be compared w ith  the  su rface  of an una llo y ed  
niobium sample. P la t e  44*
( 5 ) ( 6 ) .  THE VARIATION OF CONIUOTIVITY -7ITP TSMPBRATtJRE VARIATION.
Although x - r a y  work rev ea led  the  oxide on niobium to  be 
comprised of NbC  ^ and Nb^O^, and microscopy showed the oxide 
s t r u c t u r e  to  be s t r a t i f i e d  with the  outermost l a y e r  being  h e a v i ly
f i s s u r e d ,  in fo rm a tio n  was re q u ire d ,c o n ce rn in g  the d e fe c t  s t r u c t u r e  
of the b a r r i e r  l a y e r ,  in  o rd e r  to  e s t a b l i s h  an o x ida tion  mechanism# 
C onductiv ity  work suggested i t s e l f  as a p o s s ib le  means of p ro v id in g  
the  inform ation#
( 5 ) ( 6 ) ( l ) #  The C onductiv ity  of UbO  ^ and Doped w ith  0.515
w eight fo Copper#
Y/hen the  data  was p lo t t e d  as an A rrhenius type f u n c t io n ,
F igures  8 5 and 8 6 the fo llo w in g  was observed
a# both m a te r ia l s  behaved l i n e a r l y  and hence obeyed the r e l a t io n s h ip  
of i —
1°S10A  = log , y U  -  AE/RT ...................... . . . . ( 30 )
b# an a d d i t io n  o f  0*515 weight % copper in c reased  the  c o n d u c tiv i ty  
f o r  a g iven tem perature  but as the  tem perature in c re a se d  the 
d i f f e r e n c e  d e c rea sed .
c# by e x t r a p o la t io n  the  two curves in t e r s e c t e d  a t  approx im ate ly  
1140°K# F igu re  85-
Tables 25 and 26 g ive  the  a c t i v a t i o n  e n e r g ie s ,A S ,  from the  curves#
(5 ) ( ^ )(2 )• The C onductiv ity  of Nb^O^ and Ou^O Doped Ilb^O^..
Using x -ray s  and Frevel and F in n ’s f i g u r e s ^ ^ ^ t h e  Ub^O,. 
used in  th i s  in v e s t ig a t i o n ,  a f t e r  be ing  s in te r e d  a t  600°C in  one 
atmosphere of oxygen, was i d e n t i f i e d  as  S pseudo-hexagonal
On the in s tru m en ts  a v a i l a b le  a t  7&0 mm of oxygen p re s su re  
the  e l e c t r i c a l  r e s i s t a n c e  of pure became m easurable a t  100-
150°C. From the Arrhenius p l o t ,  F igure  87 , i t  was e v id en t  t h a t
the  undoped pentoxide  obeyed equation  (30)* However, f o r  the  l a r g e r  
a d d i t io n s  o f  the tem perature  a t  which the c o n d u c t iv i ty  f i r s t
became measurable was in c re a se d  to  450°C . I t  was f u r t h e r  observed 
th a t
a ,  re(3uced ^he c o n d u c t iv i ty  o f  the p en tox ide .
b. Eu^ O i ncrease<  ^ the s lope  of the A rrhenius curves* Table 27 .
( 5 ) ( 7 ) .  THE VARIATION OP CONDUCTIVITY WITH PARTIAL PRESSURE OP 
 OXYGEN CHANGE.____________ ;_______   .
(5 )(7 )(1  )• The P ressu re  Dependence of NbOg and HbO  ^ Doped w ith
0.515 weight fo Copper.
The d a ta  was p lo t t e d  a s  th e  lo g a r ith m  o f  th e  c o n d u c t i v i t y  
v e r s u s  th e  lo g a r ith m  o f  th e  p a r t i a l  p r e s s u r e  o f  o x y g en . F ig u r e s  
88-89  • I t  was o b serv e d  th a t
a .  b o th  m a t e r ia l s  behaved  s i m i l a r l y .  ,
b . th e  c o n d u c t i v i t y  o f  NbO_ and co p p er  doped  NbO rem ain ed  c o n s t a n t
j ~2
from  1 . 1 0  mm to  a p p r o x im a te ly  1 * 1  O’” mm o f  o x y g e n .
c .  a t  1 0 0 , 2 0 0  and 300°C b o th  c u r v e s  showed an  in c r e a s e  in
-  -2  -1 c o n d u c t iv i t y  a s  th e  p r e s s u r e  was r a i s e d  from  1 . 1 0  - 5 * 1 0
mm o f  o x y g en . The s lo p e s  o f  th e  c u r v e s  a r e  shown i n  T a b le  28*
d . a t  a p p r o x im a te ly  1 mm o f  oxygen  f o r  100, 200 and 300°C th e r e  
was a d e c r e a s e  i n  th e  ch a n g e o f  c o n d u c t i v i t y  w ith  p a r t i a l  
p r e s s u r e  o f  o x y g en . The s lo p e  o f  t h i s  p a r t  o f  th e  c u r v e  f o r
NbO^ doped Eu^O W3S ^e s s  ^ a n  ^or* undoped NbO^. T a b le  2 9 *
e .  a t  40 0  C th e  s l o p e s  o f  th e  c u r v e s  d e c r e a s e d . T a b le  2 8 .
0 2f .  a t  600  C and ab ove a p p r o x im a te ly  5* 10  mm o f  o x y g en  th e
c o n d u c t i v i t y  a b r u p t ly  d e c r e a s e d  f o r  b o th  m a t e r i a l s .
g .  a l l  th e  c o n d u c t i v i t y  m easurem ents w ere r e v e r s i b l e ,  w ith  th e  
e x c e p t io n  o f  th o s e  o b ta in e d  a t  4 0 0 -6 0 0 °C  a f t e r  th e  r a p id  
d e c r e a s e  i n  c o n d u c t iv i t y .
(5 ) ( 7 ) ( 2 ) .  The P ressu re  Dependence of Nb^O^ and N bg^  Doped w ith  
Gu^O.
Prom F igure  90 i t  was observed th a t
a .  the undoped and doped ^ 2^5 obeyed the r e l a t i o n s h ip
lo g 1()A  = lo g 10-A o' -  l / n l o g 10p(02 )  ( 31)
b . a t  600°C an in c re a se  in  Gu^O decreased  the c o n d u c t iv i ty .
c .  the  s lo p es  of the curves  remained r e l a t i v e l y  unchanged f o r  an 
a d d i t io n  of copper.
The v a lu es  of n , the  s lope  of the  c u rv e s ,  a re  recorded  in  Table 30  •
( 6 ) .  DISCUSSION.
I t  has been dem onstrated th a t  '
a# w i th in  the  tem perature  and p re s su re  ranges used in  t h i s
in v e s t ig a t i o n  the ox id a tio n  of una lloyed  niobium, and d i l u t e  
n iobium /copper a l l o y s ,  could be d esc r ib ed  by the  m odified 
p a ra b o l ic  law. The Kpm c o n s ta n ts  derived  from F ig u res  67-72 were 
no t p re ssu re  dependent, but the  corresponding  v a lu es  of Kim were.
b .  the  o x ida tion  of NbOg was l i n e a r  and p ressu re  dependent.
c .  m eta llography  rev e a le d  the p resence  o f  NbC>2 and Wo^O  ^ on 
ox id ized  samples.
d . the  c o n d u c t iv i ty  of the NbO  ^ and NbgO^ oxides d isp lay ed  a s t ro n g  
p re s su re  dependence.
I f  the  n a tu re  of the d e f e c t s ,  c o n t r o l l in g  d i f f u s io n  in  the 
s c a le s  found on the m eta l samples, could be determined from the 
c o n d u c t iv i ty  work, and i f  the na tu re  o f  the  i n t e r f a c e  r e a c t io n ,  Kim, 
could be e s ta b l i s h e d  from the o x id a t io n  of the Nb02 sam ples, then- 
a paradigm could be co n s tru c te d  enab lin g  the m odified p a ra b o l ic  law 
to  be derived  f o r  the  o x ida tion  of niobium. This would then serve  
as  a base from which to  ex p la in  the  m e ta llo g rap h ic  a sp e c ts  of the 
o x id a t io n  of una lloyed  and a lloyed  niobium
(6)(1 ). THE CONDUCTIVITY BEHAVIOUR OF NbOg AND Qu 0 DOPED NbO
-From the com position range quoted f o r  the  d io x id e ,  NbO^  24-2»09
i t  i s  p o s s ib le  f o r  the  oxide to  e x h ib i t  n - ty p e ,  s to ic h io m e t r i c ,  .or 
p - ty p e  semiconductor c h a r a c t e r i s t i c s  depending on i t s  oxygen c o n te n t .  
Thus, d e fe c t  equ ilib ria  d e sc r ib in g  conduction  a t  th e se  r e s p e c t iv e  
com positions may be co n s tru c te d  from which the p re s su re  dependence
/ Cl \
o f  the  m igra ting  d e fe c t s  can be de term ined . K ofstad  de rived  
the  e q u i l i b r i a  f o r  a h y p o th e t ic a l  case  invo lv ing  oxygen vacanc ies  
and i n t e r s t i t i a l s .  This i s  ap p lied  in  t h i s  in v e s t i g a t i o n  to  NbC^.
The n o n -s to ic h io m e tr ic  r e a c t io n  f o r  oxygen vacanc ies  in
1Tb0. n, _ can be w r i t t e n  1 •■94-2 • 00
Nb02 lft0(2_x ) . + | 0 2  ( 32)
0 l U  + * ° ?   (33)0 N-----
When a doubly charged oxygen io n ,  on a normal l a t t i c e  p o s i t i o n ,  i s
removed frcm a c r y s t a l  two n ega tive  e l e c t r o n i c  d e f e c t s  a re  produced
( 1 09  )to  m ain ta in  n e u t r a l i ty *  According to  Rose 'such  e le c t ro n s  
would be a t t r a c t e d  to  the  vacancy. This d e fe c t  would prov ide  the 
oxide w ith  a donor im p u r i ty  l e v e l  j u s t  below the conduction  band 
and thus  NbO,? may show e x t r i n s i c ,  n - type  conduction . The a c t i v a t i o n  
energy  needed to promote an e l e c t r o n  from the donor l e v e l  to  the 
conduction  band may be denoted by A Ed* The n e u t r a l  vacancy, ^ 0> 
i s  thus a doubly charged vacancy w i th  two trapped  e le c t r o n s  and the 
r e l e a s e  of these  may be d e sc r ib ed  by equations  (34) and ( 35)3
V* - 5 ^  V* + e~ .......................... ( 3 4 )o x  o N
y # V'* + eT .......................... (35)0 -^----  o
I f  th e  number of d e f e c t s  i s  sm all ,  so t h a t  NbO  ^ can be t r e a t e d  as
a d i l u t e  s o lu t io n ,  then  a p p l ic a t io n  of the  Lav/ of Mass A ction  to  
/
the  pseudo-chem ical r e a c t io n s  (33”35) produces
(V'0 ) ( e ~ f  = K-j Ka Kb .  p (02 )" ^   ............. ( 36 )
( V * ) ( e - )2 = Kv .  p(02 )‘T   (37)
However, these c o n d i t io n s  were n o t  observed in  t h i s  i n v e s t ig a t i o n ,  
a lthough  i t  i s  p o s s ib le  th a t  they  would be observed a t  oxygen 
p re s s u re s  lower than  1 . 1 0  ‘Snm.
When the NbQg d isp la y s  i t s  p - ty p e  n a tu re ,  NbO  ^ QQ.p 09’ 
oxygen i n t e r s t i t i a l s  as  an an io n ic  d e f e c t  the/i a c c e p to r  l e v e l s  a re  
co n s id e red  to  be c r e a te d .  To promote an e le c t ro n  from the  va lency  
band to  t h i s  a cc e p to r  l e v e l  r e q u i r e s  an a c t i v a t i o n  energy , denoted 
AEa* Only one example could  be found in  the l i t e r a t u r e  where 
oxygen i n t e r s t i t i a l s  ac ted  as an a c c e p to r  l e v e l  and t h a t  was in  
U O g ^ H o w e v e r ,  f o r  r^b02 the d e fe c t  e q u i l i b r i a  a re
Sb°2 + f 0 2 = ^ 0 (2+x) *.......................... (38)
K?
i ° 2  ^  ° i  ........................ .......................... (39)
0 .x  0 “  + e+......... ............................(4 0 )
Kd
0. T t 0. + 6 • • • • • • • • • • • • • ( 41 )1  ^ 1
Using the Law of Mass Action again  and equations  (39-41 ) y i e ld
(0 i = ) (e +)2 = K2 Kc Kd .  p (02 F  .................... . . ( 4 2 )
or, (0i ~ ) ( e +)2 = Ki . p (02 )2   • • • ( 4 3 )
There a re  two mor*e e q u i l i b r i a  th a t  must be conside red
p a r t i c u l a r l y  a t  s to ic h io m e try .  They a r e ,  i n t e r n a l  atomic d i s o r d e r ,
i . e ,  fo rm ation  of Schottky  or F renke l d e f e c t s ,  and e le c t r o n i c
d i s o r d e r ,  i . e ,  e l e c t r o n i c  conduction . The l a t t e r  e q u i l ib r iu m  in v o l\e s
the  e x c i t a t i o n  of an e le c t ro n  from the va lency  band to  f o r a  an
e le c t ro n  in  the  conduction band, and an e le c t ro n  h o le ,  e +, in  the
va lency  band. The a c t i v a t i o n  energy r e q u ire d  f o r  t h i s  p ro cess  may
be denoted A E-i. The i n t r i n s i c  eq u il ib r iu m  i s
Ke -  + n i l  5=^ e~ + e . . . . . . . . .  (4 4 )
( e + )(e~) = Ke  . . * ( 4 5 )
The former e q u i l ib r iu m , the F renke l equ ilib rium s i s  g iven  by
( o ^ x v ; )  = Kf   ( 4 6 )
and equations  ( 37 ) j ( 4 3 ) ,  ( 45 ) and ( 46 ) a re  the e q u i l i b r i a  t h a t  
d e sc r ib e  the  c r y s t a l  and a re  re la ted ;  so t h a t
Kv.Ki = Kf.Ke . . . . . . . . ( 4 7 )
At s to ich iom etry , r e p re se n te d  by the  p e r io d  of c o n d u c t iv i ty
in v a r ia n c y  v/ith change in  p a r t i a l  p re s su re  of oxygen in  the  range 
—A —?10 - 1 0  mm, f o r  and copper doped f ig u r e s  88 and 89,
the  equations  (45) or (46) d e sc r ib e  the c o n t r o l l i n g  c o n d i t io n s .  From 
the  measurements of r e s i s t a n c e  i t  was no t p o s s ib le  to  d i f f e r e n t i a t e  
between (45) and (46) and hence e s t a b l i s h  which had predominant 
in f lu e n c e ,  s in ce  i f  (45) was im portan t,  and the c o n c e n t ra t io n  of 
o f  e le c t r o n ic  d e fe c ts  was determ ined by the i n t r i n s i c  equilibrium,
then  :
(e~) = (e+ ) = Ke* (V**) and (0.T)........... (48)
and thus the  c o n d u c t iv i ty  would have been independent of p a r t i a l  
p re s su re  of oxygen. S im i la r ly  f o r  equa tion  (46 ) the e q u i l i b r i a  
a re
( ° i=) ( V ’ ) = Kf ■
and , = (V**o^ = Kf2 ^  ( e ) ®nd (e+ ).  (49)
Thus, io n ic  conduction , produced by a preponderance of oxygen 
vacan c ies  and i n t e r s t i t i a l s ,  would a l s o  be. p re ssu re  i n s e n s i t i v e .
The com position of the oxide during  the  p e r io d  of s to ic h io m e try  can 
be regarded  a s  NUO^+x-y) w^ ere  x = y* However, even f o r  semi­
conductors  w ith  a la rg e  energy g a p ,A S ,  between theconduction  l e v e l s  
and va len cy  band, the g r e a t e r  m o b i l i ty  o f  the  e le c t ro n s  compared 
w ith  t h a t  o f  the  ions  would mean th a t  even a sm all c o n c e n t ra t io n  of
e le c t r o n ic  d e fe c ts  would dominate the e l e c t r i c a l  p r o p e r t i e s  of the 
( 110 )oxide . In  view of t h i s  i t  would seem l i k e l y  th a t  i n t r i n s i c  
conduction  i s  p robably  c o n t r o l l in g  conduction  a t  s to ic h io m e try .
From .Figures 88, 89 i t  was found th a t  a t  p re s s u re s  in  excess 
- 2 - 2of 10 -5*10 mm the c o n d u c t iv i ty  was not independent of p re s su re
and th e re fo re  eq ua tions  (45) and ( 46 ) no longer a p p l ie d .  S ince
the  c o n d u c t iv i ty  in c reased  with in c r e a s in g  p a r t i a l  p re s su re  of
- 2 - 1oxygen, w i th in  the  range of approx im ate ly  5*10 -  5*10 mm , e au ta tion
(4 3 ) i s  invoked to  account f o r  the  c o n d u c t iv i ty  behav iour . In  terms
of the  e le c t r o n ic  d e fe c t s  the eq ua tion  i s  : -
1
( e ) — Ki . p (0 g ) 6 . ( 5 0 )
and thus f o r  Nb0/o \ the  s lope  of the curve should g ive  a p a r t i a l
+ x  ■ \  1 /p re s su re  dependence of p(C4)) • r e s u l t s  in  Table 28 a re  in
agreement w ith  t h i s  v a lu e .
In  F igu res  88, 89 a t  p re s su re s  in  excess of ap p ro x im a te ly
-15.10 ram, and a t  the  lower tem pera tu res ,  the  decrease  in  s lo p e  i s
a t t r i b u t e d  to  a s a tu r a t i o n  of the NbCk s t r u c tu r e  by 0 . "  and2 J 1
d e v ia t io n  from equation  (43)* For copper doped NbO  ^ the inc reased  
d e v ia t io n  i s  c o n s i s te n t  w ith  the Hauffe r u l e s  which when ap p lied  
to  NbO  ^ p r e d ic t  an in c re a s e  in  c o n d u c t iv i ty  f o r  an in c re a s e  in  the 
c o n c e n tra t io n  of a lower v a le n t  c a t i o n .  Thus, a monovalent copper 
ion  s u b s t i t u t e d  f o r  Nb^+ should cause an in c rease  in  ( e + )., and a 
decrease  in  £°r  a c o n s tan t  p a r t i a l  p re ssu re  of oxygen.
T herefo re  f o r  a change in  p C ^ )  the HbO  ^ would be unable  to  accept 
any more CH"”and would thus become s a tu r a te d  before  the  undoped NbO^*
At 400°C the  decreased  s lope  of the oxygen p re s s u re  s e n s i t iv e  
re g io n  i s  considered  to  be the r e s u l t  of the  in c re a s in g  r a t e  of 
o x id a t io n  o f  the  I’TbO to  Hb^Oj.. At 600°G ra p id  o x id a t io n  o f  the 
samples r e s u l t e d  in  the  negative  s lo p e s ,  F igures 8 8 .-8 9  , and 
u l t im a te  d i s i n t e r g r a t i o n  of the  compacts. Microscopy re v ea led  t h a t  
such a compact had p a r t l y  ox id ized . P la te  38.
The reaso n s  enumerated p re v io u s ly  p rec lude  a more s p e c i f i c  
a l l o c a t io n  of the  a c t i v a t i o n  e n e rg ie s ,  ob tained f o r  the  s to i c h io  -  
m e tr ic  re g io n  in  F igures 88 and 8 9> o th e r  than to the  p robab le  
e x c i t a t i o n  of va lency  e le c t ro n s  to the conduction  band. I t  i s  
th e re fo re  concluded from Figure 85 th a t  a sm all a d d i t io n  of copper
reduced s l i g h t l y  the  a c t i v a t i o n  energy r e q u ire d  f o r  t h i s  p ro c e ss .
( 5 7 )
Table 25 • I t  i s  g e n e r a l ly  a cc ep ted ' 7 t h a t  the i n t e r c e p t  on the  
o rd in a te  i s  a fu n c tio n  of the  m o b i l i ty  of the  d e fe c ts ,  and th a t  the 
c o n d u c t iv i ty  curves, F ig u re s  85-87  can be d esc r ib ed  by : -
-A. = n2 z V   • ( 5 0
The tem perature  dependence o f  the  m a te r ia l  o r ig in a te d  from : -
ri* = n* . exp. -AH/RT  .............   ( 52 )
where, AH i s  the  h ea t  of form ation  of the d e f e c t s .  The decrease  in  
a c t i v a t i o n  energy  a s s o c ia te d  w ith  the  a d d i t io n  of copper could  
r e s u l t  from the in c re a se  in  e l e c t r o n ic  d e fe c t s ,  n ,  t h a t  i s  p re d ic te d  
by the  Hauffe r u l e s .  The i n t e r s e c t i o n ,  by e x t r a p o la t io n ,  o f  the 
curves  in  F igure  85 a t  1140°K i s  perhaps a s s o c ia te d  w ith  the  second 
o rd e r  t ran s fo rm a tio n  t h a t  HbO  ^ undergoes a t  1040°K. However f u r th e r  
i n v e s t ig a t i o n s  are  n e cessa ry  to s u b s ta n t i a t e  t h i s  s u g g e s t io n .
The a c t i v a t io n  e n e rg ie s ,  T ab le .25 , f o r  the c o n d u c t iv i ty  of
NbOg and copper doped Nb0o in  the p -type  conducting ra n g e ,  F igure
86 i s  b e liev ed  to  r e p r e s e n t  the energy n e cessa ry  to  promote an
e le c t ro n  in to  the  im p u r i ty  l e v e l  and thus  c r e a te  a e + in  the  valency
band which can a c t  as  a c u r r e n t  c a r r i e r .  However, i t  would appear
from the f ig u r e s  t h a t  the  im purity  band i s  a deep one s in ce  im purity
a c c e p to r  l e v e l s  in  many semiconductors a re  g e n e ra l ly  n e a r e r  the
v11l)va len cy  band accord ing  to  Greenwood' •
I t  has been shown by m eta llography  th a t  NbO e x is t e d  on the
su rface  of niobium and niobium/copper a l lo y s  a f t e r  o x id a t io n ,  and
in  the  l i g h t  of the c o n d u c t iv i ty  work, which has shown th a t  HbO^
can be a p - type  sem iconductor, i t  i s  concluded th a t  an o x id a tio n
r e a c t io n  proceeded a t  the  Rb/NbO i n t e r f a c e .  The supp ly  of oxygen
to  the  i n te r f a c e  would have been m a ita in ed  by the d i f f u s io n  of
oxygen i n t e r s t i t i a l s  a c ro ss  the growing HbO  ^ la y e r .  From the
c o n d u c t iv i ty  behaviour a t  400-600°0 of the NbO^, th a t  i s  the  tendency
towards o x id a t io n ,  i t  i s  b e l iev ed  th a t  the  TTbO e x i s t i n g  on the
s u r fa c e  of the  m eta l samples a t  these tem pera tu res ,  and a t  p re s su re s
-2i n  excess of approx im ate ly  5* 10 mm, would q u ick ly  o x id ize  a t  the  
NbO^/cxygen i n t e r f a c e .  Thus a s c a le  v/ould be produced c o n s i s t in g  
of an in n e r  and o u te r  la y e r  of NbOg and Fb^O .^ r e s p e c t iv e ly .
( 0 ( 2 ) .  THE CONKTCTIVITY BEHAVIOUR OF Nbo0f. AMD CugO DOPED Nbo0R...- ■■ ■ - J Jt — C. ^ > -
The in c re a se  in  c o n d u c t iv i ty  f o r  the  re d u c t io n  in  p a r t i a l  
p re s s u re  of oxygen suggests  th a t  the  was an n - ty p e  semi­
conducto r ,  and o th e r  in v e s t ig a to r s ,  have found th a t  Nbo0c c o n ta in s
( 5 7 ) ( 5 8 ) 2 5oxygen vacanc ies  • From the  work of Sheasby i t  would appear
t h a t  a p re s su re  dependence of pCOp) ^  p(Op) should  be observed
( s g )
f o r  the  c o n d u c t iv i ty  of oC Nb_Or s ; The r e s u l t s  ob ta ined  m  th i s
2  j
in v e s t ig a t i o n  cannot th e re fo re  be c o r r e la t e d  w ith  the above s in ce
—1 /1 • 1the  p re ssu re  dependence of the c o n d u c t iv i ty  ranged from p (0 2 )
■“1 /1 i-to  p(02) * v v/ith the  f  ormer f ig u r e  r e p re se n t in g  Hb^Op. an^ ^ ie
l a t t e r  Cu_0 doped Nbo0 r . This h igh  p re s su re  dependence i s  a t t r ib u te d2 2 p
to  the  Tib 0_ being predominantly the pseudo-hexagonal S  m o d if ic a t io n ,  
Heismsn and H oltzbergv 'm ain tained  th a t  the  m o d if ic a t io n  was 
a p o o r ly  developed v e rs io n  of the  )f a l lo t r o p e .  Perhaps in  such a 
c r y s t a l l i n e  s t r u c tu r e  the bonding and e le c t r o n ic  c o n f ig u ra t io n  were 
s u f f i c i e n t l y  d i f f e r e n t  from th a t  of the (3 or oc m o d if ic a t io n s ,  to  
produce the high v a r i a t io n  of c o n d u c t iv i ty  th a t  was observed w ith  
p a r t i a l  p re s su re  change,and the- low a c t i v a t i o n  e n e rg ie s  t h a t  were 
re q u i re d  f o r  the  c r e a t io n  of the charge c a r ry in g  de fec ts*  However, 
f o r  sm all a d d i t io n s  of copper, as Cu^O, the change in  c o n d u c t iv i ty  
was in  the. d i r e c t i o n  p re d ic te d  by the  Hauffe r u l e s .  This may be 
concluded from the  equation  (3 7 ) ,
(V” ) ( e - )2 = Kv . p (0 2 ) - i  .
s in c e  an a d d i t io n  of copper, Cu , should decrease  the  c o n c e n tra t io n  
of the  e l e c t r o n ic  d e f e c t s ,  f o r  a c o n s ta n t  p a r t i a l  p re s su re  of oxygen., 
and hence cause an in c re a se  in  tne  c o n ce n tra t io n  o f  oxygen v a c a n c ie s .  
F ig u res  87 and  90 show the decrease  in  c o n d u c t iv i ty  w ith  a d d i t io n s  
o f  Cu^O.
( 6 ) ( 3 ) .  THS UTILIZATION OP THE MODIFIED PARABOLIC LA'7.
F i r s t l y ,  i t  i s  n e ce s sa ry  to  co n s id e r  the p a ra b o l ic  growth 
mechanism which can be re p re se n te d  by F igu re  91•
F igure  91«
A R ep resen ta t io n  of a Dense Oxide S ca le  on a M eta l.
0 )  ( 11)
m eta l oxide
C
oxygen gas
where, (1 )  r e p re se n ts  the  m e ta l/ox ide  in t e r f a c e  and (11 ) ,  
r e p re s e n ts  the oxide/oxygen in t e r f a c e .
In  the  d e r iv a t io n  of the  ^ e f fe c ts  a t  the
i n t e r f a c e s  (1 ) and (11) a re  conside red  to  be i n s i g n i f i c a n t  
compared w ith  the t r a n s p o r t  of m a te r ia l  a c ro ss  the  oxide l a y e r ,  
v/hich by the  use  of P ic k 's  Lav/ can be d e sc r ib ed  as  5-
The mass t r a n s p o r t  remains r a t e  c o n t r o l l in g  only  i f  the  v e l o c i t y  of 
m a te r ia l  a c ro ss  i n t e r f a c e s  (1 ) and (11) remain a t  a h ig h e r  va lue  
than J .  I f  however t h i s  i s  no t the  c a se ,  then (1 )  or (1 1 ) ,  o r 
conce ivab ly  (1 ) and (1 1 ) ,  become r a t e  c o n t r o l l i n g  and the o v e r a l l  
r e a c t io n  becomes l i n e a r .  There i s  a t h i r d  p o s s i b i l i t y  where mixed 
c o n t ro l  i s  o b ta in ed ,  v/here an in te r f a c e  r e a c t i o n  and a d i f f u s i o n a l  
mechanism a re  occurring  a t  comparable speeds, and t h i s  would lead  
to  the m odif ied  p a ra b o l ic  r e l a t i o n s h i p .
In  t h i s  in v e s t ig a t io n  the  o x ida tion  d a ta  of niobium, and 
niobium /copper a l l o y s ,  was a p p l ie d  to  the m odified  p a ra b o l ic  law 
because w o rk e rs^ ^  ^  had p re v io u s ly  recorded  an oxygen p re s su re  
dependence f o r  the  o x ida tion  of niobium which could  be i n t e r p r e t e d  
in  terms o f an ad so rp tio n  mechanism a t  the oxide/oxygen i n t e r f a c e .  
The f a c t  t h a t  the data  f i t t e d  the  m odified  p a ra b o l ic  law was 
conside red  to  be evidence th a t  a d i f f u s io n a l  and an i n t e r f a c i a l  
mechanism were in  com petit ion .
(11 3 - 1 1 5 )The law has been u t i l i z e d  by numerous workers 'and i t s
n a tu re  has been d esc r ibed  in  v a r io u s  w a y s ^ " ^ ^ ^ ^ .  Kubaschewski^
used an e l e c t r i c a l  anologue to -fo rm u la te  the  equ a tio n  w ith  the  f lu x
of m a te r i a l  having to  overcome a s e r i e s  of r e s i s t a n c e s  t h a t  were of
( 1 5^8 ^i n t e r f a c i a l  and d i f f u s io n a l  n a tu re .  J o s t  m ain ta ined  th a t
when tv/o r e a c t io n s  were occurring  a t  comparable speeds then  t h e i r  
r e a c t io n  r e s i s t i v i t i e s  were a d d i t iv e  such th a t  : -
6
an
(Am’ + (Am1 ) _ t
Kpm Kim
Kpm i s  the m odified  o a rab o lic  c o n s ta n t  d e s c r ib in g  the  d i f f u s io n a l
v (5  h)
growth of an oxide s c a le .  From .Vagners th e o ry  of o x id a tio n  
Kpm i s  p ro p o r t io n a l  to  the d i f f u s io n  c o e f f i c i e n t  of the  m ig ra t in g  
d e fe c ts  and to  the d e fe c t  c o n c e n tra t io n  g ra d ie n t  a c ro ss  the  oxide® 
Kim i s  the l i n e a r  co n s tan t  d e sc r ib in g  a phase boundary r e a c t io n  
such as  the  ad so rp t io n  of a r e a c t a n t  g as . H a u f f e ^ a l s o  s t a t e s  the  
lav/ and in  a s im i la r  manner to  th a t  of J o s t .
During the course of t h i s  in v e s t ig a t i o n  i t  became c l e a r  from 
m eta llog raphy  th a t  NbO was ox id iz ing  to  Nb.0_ a t  the  ox ide /ox ide  .
e. 2 0
i n t e r f a c e .  F igure  92 re p re s e n ts  the  lay ered  s t r u c tu r e  of the oxides
found to  e x i s t  on the  su r fa ce  of an oxid ized  sample. The o u te r
Nb_0_ was found to  be o c c a s io n a l ly  f i s s u re d  and c racked , a f a c t
(L7) ( p)L)p re v io u s ly  observed by o th e r  re sea ch e rs  • I t  has a l s o  been
suggested th a t  Nbn0_ i s  capab le  of a llow ing  d i f f u s io n  of m o lecu lar
( GG)oxygen through i t s  s t r u c t u r e '  . As a r e s u l t  the  supp ly  of oxygen 
to  the  NbO^/Wb^0^ i n t e r f a c e  was assumed no t to  be r a t e  de te rm in in g .
F igure  92
A R ep resen ta t io n  of the  S ca les  on Niobium and Nb/Cu Alloys.
( 1 ) ( 11) ( m )
Nb • Nb2°5  ' .j oxygen g as .
where, (1 ) r e p re s e n ts  the  niobium/NbO i n t e r f a c e ,  (11) the
Nb0n/lIbo0,_ in te r f a c e  and (111) the  Nb_0c/ 0 n in te r fa c e *
2 2 0 2 5 2
The in f lu e n c in g  i n t e r f a c e  r e a c t io n ,  Kim, i s  b e l iev ed  to  be5
in  viev/ of the  p a r t i a l  p re ssu re  dependence of ap p ro x im a te ly  p(0;, Y~9
i n d i c a t i v e  of a d i s s o c i a t i v e  s te p  on the su rface  of the  NbO :»
At t h i s  p o in t  the c o n c e n tra t io n  of oxygen atoms i s  co n s id e red  to  be 
p a r t i t i o n e d  such th a t  p a r t  fu rn ish e s  the  o x id a tio n  of NbC^—-> I ^ C y  
and p a r t  the  form ation  of oxygen i n t e r s t i t i a l s  in  the  NbC^*
Prov id ing  the d i s s o c ia t io n  o f  the oxygen molecules occurs a t  a 
s l i g h t l y  slow er r a t e  than the fo rm ation  of the oxygen i n t e r s t i t i a l s  
and t h e i r  subsequent d i f f u s io n  across  the  NbC  ^ l a y e r ,  then the 
m odified  p a ra b o l ic  law w i l l  be obeyed • In  these  terms the  law can 
be w r i t t e n  s-
( £x mj ) + (A m^) — t  ••**••»***( 53)
const’.D- 09 const«p (00 )2
where, Kpm = c o n s ta n t ’ Dq • C^  • . . . . . . . . • ( 56 )
JL
Kim = c o n s ta n t  p (0 2 )2................................. .....................(57)
The t o t a l  weight ga in  f o r  any in s t a n t  i s  the summation of the 
weqght ga in  due to  the fo rm ation  of NbQp,Am’ , and the w eight ga in  
due to  the form ation of NbgO^. Since s e p a ra t io n  of the  two weight 
gain  components i s  d i f f i c u l t  the t o t a l  weight g a in  was used in  
p l o t t i n g  equation  (55)* This in troduced  an e r r o r  but i t  was 
considered  to  be sm all in  view of the  f a c t  t h a t  the m a jo r i ty  of the 
consumed oxygen produced NbOg as  in d ic a te d  by P la te  7*
I t  w i l l  be seen  th a t  both the m odified  p a ra b o l ic  c o n s ta n t ,  Kpm, 
and the i n te r f a c e  c o n s ta n t ,  Kim, a re  dependent on the  p a r t i a l  
p re s su re  of oxygen* Now c o n s id e r in g  Kprn^the d e fe c t  c o n c e n tra t io n  
i n  the  oxide a t  the  ox ide/oxide  in t e r f a c e  i s
C oC p a r t i a l  p re s su re  of oxygen Kpm. . . . . . ( 58 )
Thus a change in  the p a r t i a l  p re ssu re  of oxygen should a l t e r  Kpm 
provided  th a t
a .  the  ambient p re s su re  is .  g r e a t e r  than the  d i s s o c i a t i o n  p re s su re  
of the  NbO^.
b* the  p re s su re  of oxygen i s  l e s s  than the  p re s su re  needed to  
s t a b i l i z e  NbO  ^ a t  i t s  maximum d e v ia t io n  from s to ic h io m e try .
(6 ) ( O e  THE pressure dependence op the interface reaction and
THE OXIDATION OP CAST NbG SAMPLES.
I t  has been argued, in  view of the  p re s su re  dependence, t h a t  
the  i n t e r f a c e  r e a c t io n  ob ta ined  from the m odified  p a ra b o l ic  curves  
could have r e s u l t e d  from d is s o c a t io n  d i f f i c u l t i e s  of oxygen on the  
su rface  of the  NbO  ^ l a y e r .  Support f o r  t h i s  hyp o th es is  i s  su p p l ie d  
by the  o x id a t io n  of NbO  ^ samples to  the p en to x id e ,  s in ce  the  
observed p re s su re  dependence of approx im ate ly  ■§• aga in  suggests- a 
r a t e  c o n t r o l l i n g  d i s s o c i a t i o n  s te p .  Thus the  r e a c t io n s  t h a t  
occurred on the  su rface  of the EbO^ samples can be co n s id e red  to  
occur a s  fo l lo w s
°2 20
o r  > 0
The atomic oxygen then r e a c t s  w ith  the NbO as  fo llow s
2 K b 0 (2+x )  + i °2 = IIb2 ° ( 5 - y ) '
and from a k in e t io  v iew po in t,  s ince
Vf => K C n  ( ® )
do = K C„n = K 0 ^  . . . .........(60)
o r - - I t  2 2
x
then  -  dc = K C22. d t . ..................................(61 )
However, i f  the c o n c e n tra t io n  of oxygen, C^, i s  e x p e r im en ta l ly  he ld
c o n s ta n t ,  then upon in t e r g r a t in g  equation  (55),
± '
~ A c = K C^2. t  + c o n s ta n t .  . . . ( 6 2 )
I f  - A c  can be regarded  as a weight g a in /a r e a ,  Am1, and C2 as the  
p a r t i a l  p re s su re  of the  r e a c ta n t  oxygen th en ,
±
A m ’ = K .p (0 2 ) s ®t + c o n s t .  • • • ( 6 } )
I f  Am' = 0  when t  = 0, then  the c o n s ta n t  = 0 and th e r e f o r e ,
1
A m ’ = 'K. .p.(0 ) 2'. t   ............................6k)
However, f o r  an in c re ase  in  p (0 2 ), p l o t t i n g  the  logarithm  of Am ’/ t  
versus  the  lo g a rith m  of p (02 ) ,  y ie ld e d  a l i n e a r  p l o t ,  F igu re  16 
from which the r e l a t i o n s h ip
l0 S 1° IT  = 4 lOS1 0 - ^ ° 2 ) + lo «10K* -
was d e r iv e d  where, n = 1»52. This i s  compared w ith  a p re d ic te d  
va lue  of n = 2 from equation  (6lf) .  From eq uation  (6k)  i t  w i l l  be 
n o tic ed  th a t
A m1 = K .p (0  )1/ 1,52  = K1 ( 65)
t
P l o t t i n g  the v a lu es  of Kira, the  in te r f a c e  r e a c t io n  c o n s ta n t ,  in  a 
s im i l a r  manner produced a l i n e a r  r e l a t i o n s h ip  from which n = 1 .8 .  
F igu res  75 -  76 •
<6) (5) THE. VARIATION C? T:JE MODIFIED PARABOLIC CONSTANT Y/ITK 
THE PARTIAL PRESSURE OP OXYGEN. _____ _
M etallography re v e a le d  t h a t  the two s im ultaneous r e a c t io n s  
w ere, the  growth of a coheren t p o re - f r e e  EbO^ l Qye r > an& growth 
of a cracked n o n -s to ic h io ra e t r ic  pentoxide  s c a le  ontop of the  d io x id e .  
I f  the  NbO  ^ in  the  s c a le  can be assumed to  be s im i l a r  to  th a t  in  the 
compacts, and thus co n ta in  doubly charged^oxygen i n t e r s t i t i a l  d e fe c ts ,  
then  by us ing  e q u a tio n  (43) a p a r t i a l  p re ssu re  dependence could 
be expected  f o r  the ( 0 / ~)  of i -
P(02 )1 /6  = ( o = ) .  ...........................
bu t  s in ce  (0..- ) = 00a , then u s in g  equation  ( 5 ? ) ,
, 1/6Kpn oC p (0 2 ) ' / o .   ( f)
The r e s u l t s  showed th a t  a change in  the  p a r t i a l  p re s su re  of oxygen 
d id  no t a l t e r  the Kpm v a lu e s .  Table 20 . However, i t  hss been 
shown th a t  a t  the  tem peratures  and p re s su re s  used f o r  the  o x id a t io n  
of the  m eta l samples the  EbO^ was u n s tab le  and r a p id ly  o x id ized  to  
the  pen to x id e .  I t  i s  th e re fo re  suggested th a t  the  su r fa c e  of the  
NbO^, which was in  c o n ta c t  w ith  the  pen to x id e ,  had become s a tu r a te d  
w ith  re s p e c t  to  the  number of oxygen i n t e r s t i t i a l s  i t  could  
accommodate. Thus i t  no lo n g e r  obeyed the r e l a t i o n s h i p  r e l a t i n g  
Kpm to  the  c o n c e n tra t io n  of the  su p p lie d  oxygen, i . e ,  eq u a tio n  (&?)• 
As a r e s u l t  an in c re a se  in  the p a r t i a l  p re ssu re  of oxygen would 
n o t  in f lu en ce  the  ( ^ " )  s in ce  t h i s  was a l re a d y  a t  a c o n s ta n t  
maximum value  however, i t  would a c c e le r a te  the  chem ical r e a c t io n  
th a t  i s  expressed  by equation  (28 ) .  This would n e c e s s a r i l y  c r e a te  
a s p e c ia l  case  of the  m odified  p a ra b o l ic  eq u a tio n  s in c e  now i t  
would appear th a t
Kpm s Dn • c o n s ta n t ’ 1.  ............... (£ ? )
2
where the  c o n s tan t  equa ls  the maximum c o n c e n tra t io n  of d e f e c t s  
p o s s ib le  a t  the  NbOg/NbgO^ i n t e r f a c e .
( 6 ) ( 6 ) .  THE VARIATION OP THE MODIFIED PARABOLIC CONSTANT WITH 
TEMPERATURE.
Since i t  has been shown, F igu re  59 > th a t  f o r  the  o x id a tio n  
of una lloyed  niobium the  v a r i a t i o n  of the logarithm  of Kpm w ith  the  
r e c ip r o c a l  of the a b so lu te  tem perature  can be d esc r ib ed  by eq u a tio n
(25 ) ,
Kpm = Kpm0 • exp -  Q/RT
then by u s in g  equation  (£2) i t  can be seen th a t
D0 = Kpm° . exp -  O/RT  m
c o n s t a n t ’ ’ '
Thus, the a c t i v a t i o n  energy , Q, r e p re s e n ts  the d i f f u s io n  c o n t r o l l e d  
m ig ra t io n  of the  oxygen i n t e r s t i t i a l  d e fe c ts  through the  NbO s c a le .  
However, Kofstad^ 'p o in te d  out th a t  such an a c t i v a t i o n  energy  
c o n s i s t s  of two components
Q = AHd + AHm . . . . . . .
where, AHd -- the  en th a lp y  of fo rm ation  of the
d e f e c t s .
AHm = the en th a lp y  of movement of the  
d e f e c t s .
F ig u res  59-60 show a n o n - l in e a r  A rrhenius r e l a t i o n s h i p ,  thus
implying th a t  equations  ( 2 5 ) and (£9.) no lo n g e r  ap p ly  in  t h e i r
p re s e n t  form. S im ila r  d e v ia t io n s  have been observed in  m e t a l l i c  
(117-119) ■> (120),,  nsystems , ana accord ing  to Kidson they  a re  a l s o
common f o r  d i f f u s io n  in  io n ic  c r y s t a l s .  The d i f f u s io n  c o e f f i c i e n t s
- (1 2 0 ) in  these  m a te r ia l s  can o f ten  be expressed  in  the form
D — D^j . exp y'qrp ^2 * exp qT»
where, the  term • exp -Q^/RT i s  a s s o c ia te d  w ith  i n t r i n s i c
d i f f u s io n ,  i . e ,  d i f f u s io n  due to  Schottky  d i s o r d e r ,  and the term 
D^0 • exp ” Q2 w ith  e x t r i n s i c  d i f f u s io n ,  i . e ,  d i f f u s io n
r e s u l t i n g  from im p u r i t ie s  t h a t  cause the  p ro d u c tio n  of d e f e c t s  to  
m a in ta in  e l e c t r i c a l  n e u t r a l i t y  w ith in  the  c r y s t a l .  Kidson s a id  
t h a t  a t  lov/er tem pera tures  the  e x t r i n s i c  d i f f u s io n  was dominant, 
bu t a t  h ig h e r  tem peratures the  i n t r i n s i c  d i f f u s io n  was the  most 
im p o r tan t .  An example of t h i s  i s  in  the work of O ishi and Kingery 
on s to ic h io m e t r ic  a l u m i n a ^ ^ \  Above 1 600°G they  found t h a t  the 
s e l f  d i f f u s io n  c o e f f i c i e n t  of oxygen could  be de sc r ib ed  by : -
DQ = 1 . 9 i  103 exp ( -  152000/RT).
2
but below 1600°G, DQ = 6 .3  • 10"8 exp (-57600/RT).
I t  was suggested  t h a t  under the  l a t t e r  c o n d i t io n s  the  d e fe c t  
c o n c e n tra t io n  was c o n t r o l le d  by im p u r i t ie s  and th a t  the  d i f f u s io n  
a l s o  was s t r u c tu r e  s e n s i t i v e .
YJith r e s p e c t  to  t h i s  p r e s e n t  system the  NbC^ in  the  s c a le s  on 
a l l  samples was n o n -s to ic h io m e tr ic  and possessed  a d e fe c t  c o n cen tra t io n  
g ra d ie n t  a c ro ss  i t .  As d iscu ssed  in  s e c t io n  ( 6 ) ( l )  the  i n t r i n s i c  
d e f e c t  c o n c e n tra t io n  of NbC  ^ under these  co n d it io n s  was i n s i g n i f i c a n t  
compared w ith  the  c o n c e n tra t io n  of e x t r i n s i c  d e fe c t s  produced by 
n o n -s to ich io m e try .  As a r e s u l t  the d e fe c t  d i f f u s io n  c o e f f i c i e n t ,  
and from eq u a tio n s  (25) and (6 9 ) ,  Kpm would be d e sc r ib ed  by the  
e x t r i n s i c  va lue  in  equation  ( ? i ) .  For the s o l id  s o lu t io n  n iob ium / 
copper a l lo y s  an in s ig h t  in to  the behaviour of Qu+ ions  in  the  NbO  ^
l a t t i c e ,  and the  r e s u l t a n t  e f f e c t  on the e x t r i n s i c  d e fe c t  c o n cen t­
r a t i o n ,  may e lu c id a te  the observed in c rease  in  Kpm f o r  an a d d i t io n  
o f  copper. Tables 12 and 20. However, before  co n t in u in g  w ith  t h i s  
l i n e  of thought i t  i s  n ecessa ry  to  co n s id e r  the  p o s s ib le  p o s i t io n s  
a copper ion may occupy in  the  NbO^.
The p o s s ib le  p o s i t io n s  open to  a Cu+ ion  in  NbO  ^ a re  the  
s u b s t i t u t i o n a l  and i n t e r s t i t i a l  s i t e s .  The l a t t e r  can be f u r t h e r  
sub-d iv ided  in to  the  te ra h e d ra l  and o c tah ed ra l  p o s i t io n s .  The
4.
p o s i t io n  a c t u a l l y  favoured by the  Cu ion w i l l  be determ ined by the
(52)energy of in c o rp o ra t io n '  , and t h i s  in  tu rn  i s  a fu n c t io n  of the 
a t t r a c t i v e  and re p u ls iv e  fo rc e s  in  the c r y s t a l .  However, a s  a 
g e n e ra l  r u l e  i t  appears  th a t  fo r e ig n  m eta l ions  occupy m eta l
( 52)p o s i t io n s  in  the  l a t t i c e  and non-metal ions  the  m e ta l lo id  s i t e s  
Therefore  in  t h i s  in v e s t ig a t i o n  i t  w i l l  be assumed th a t  Cu i s  
s u b s t i t u t i o n a l  in  the NbO  ^ l a t t i c e .
From the  Hauffe r u l e s ^ ^ a n d  using  eq u a tio n  (43) s su b -  
s t i t u t i o n  Cu ion  would be expected to  in c re a s e  the  va lue  of (e ; 
8nd hence in c re a s e  the c o n d u c t iv i ty  of the  oxide , a f a c t  observed 
in  t h i s  i n v e s t i g a t i o n .  F igure  85 • For a c o n s ta n t  p a r t i a l  p re ssu re  
o f  oxygen i t  would a l s o  be expected to  produce a correspond ing  
d ecrease  in  ( ^ " )  and hence decrease  the va lue  of Kpm. However i t  
was shown t h a t  Kpm in c reased  w ith  in c re a s in g  copper. Tables 12,20. 
To account f o r  t h i s  in c o n g ru i ty  th e re  a re  two p o s s i b i l i t i e s
a .  the Hauffe r u l e s  do no t a p p ly . to  a s o lu t io n  of copper in  
NbOg s c a l e s .
b . the Hauffe r u l e s  do app ly  bu t t h e i r  e f f e c t  i s  overridden  by 
o th e r  f a c t o r s .
(61 )According to  S t r i n g e r '  the  l a t t e r  i s  common in  o x ida tion  r e a c t io n s  
8nd as a r e s u l t  i t  i s  sugges ted  th a t  the o v e r r id in g  f a c t o r ,  t h a t  
produced the in c re a se  in  Kpm and the in c re a se d  cu rv a tu re  of the  
curves as  the  tem perature was decreased , F ig u res  59-60 , could
a r i s e  from the  e f f e c t  Cu+ may have on the  geometry of the  ^bO^ 
s t r u c tu r e .  I t  i s  th e re fo re  n ecessa ry  to  c o n s id e r  f i r s t  the 
s t r u c tu r e  of the
( 6 X 7 ) .  THE STRUCTURE OF NIOBIUM DIOXIDE AND ITS INFLUENCE ON 
DIFFUSION OF OXYGEN INTERSTITIALS.
NbO  ^ has a r u t i l e  s t r u c t u r e ^  ^  ^*^and can th e re fo re  be
compared w ith  the r u t i l e  TiO^* Popper
,2 -
( 122)
m ain ta ined  th a t  TiO^ had a t e t r a g o n a l  
symmetry where each t i ta n iu m  ion i s  s u r ­
rounded o c ta h e d ra l ly  by s i x  oxygen io n s ,  
and thus the s t r u c t u r e  could be reg a rd ed  as  
columns of octahedra p a r a l l e l  to  the  c - a x i s .  
F igure  93 •
Figure 93
According to  Hurlen in  the  d i r e c t i o n  of the  arrow , i . e ,  on the
(001) p lane th e re  a re  f a i r l y  open channe ls ,  or chimneys, in  which
3+supernumerary Ti ions  could be e a s i l y  accommodated. In  view of
t h i s  i t  i s  not s u r p r i s in g  th a t  d i f f u s io n ,  which i s  s t r u c tu r e
( 12/ )s e n s i t i v e  , was found to be h ig h ly  a n is o t ro p ic  in  TiCL' f . The
8a n iso t ro p y  was found to  be 10 i 1 in  favour of d i f f u s io n  along the
c - a x is ,a n d  i t  was s t a t e d  th a t  th e re  must e x i s t  a jump mechanism
where the n e t  motion i s  £>arallel to  the c -a x is  where the s t r u c tu r e
3+i s  f a i r l y  open. The es tim ated  d i f f u s io n  r a t e  of Ti ions in  th is  
d i r e c t i o n  was 10 ^ cm^/sec a t  520°C From t h i s  i t  i s  t h e r e f o r
concluded th a t  a s im i l a r  a n iso t ro p y  f o r  07 d i f f u s io n  in.ilbO^ s c a le s  
i s  to  be expec ted . However i t  i s  u n l ik e ly  . th a t  the c - a x is  o f  a l l  
the  c r y s t a l s  of the Tib0  ^ c o n s t i t u t i n g  the s c a le  were a l l  a l ig n e d  
in  the  o r i e n ta t io n  most favourab le  f o r  maximum s h o r t - c i r c u i t  
d i f f u s io n .  I t  i s  more probable t h a t  some NbO  ^ c r y s t a l s  were 
s u i t a b ly  o r i e n ta te d  while o th e rs  were n o t .  As a r e s u l t  the  r a t e  of 
d i f f u s io n  of oxygen i n t e r s t i t i a l s  through the sca le  would p robab ly  
be an average of these  extrem es. I t  has been noted , in  s e c t io n
(2 )(5 )(1  ) , t h a t  accord ing  to K ofstad such s h o r t - c i r c u i t  d i f f u s io n
(117)becomes more dominant a t  lower tem pera tu res ,  and Le O la ire  
po in ted  out th a t  d e v ia t io n  from a l i n e a r  Arrhenius curve i s  l i k e l y  
a t  low tem pera tu res .  However, from Figure 59 i t  i s  seen t h a t  th e re  
was no d e v ia t io n  f o r  unalloyed  niobium. This does not n e c e s s a r i l y  
i n f e r  t h a t  th e re  was no s h o r t - c i r c u i t  d i f f u s io n  in  the NdO^  s c a l e ,£L
s in ce  the  reaso n  f o r  the  absence of a d e v ia t io n  may be a t t r i b u t e d
to  the narrov/ tem perature  range , 749“^33°G, over which the  Kpm
values  were ob ta ined . Perhaps the  range of 114°C was i n s u f f i c i e n t
(117)over which to  d is c e rn  a g rad u a l  decrease  in  s lo p e .  Le C l a i r e '  
quoted tem perature  ranges of approxim ately  600°0 th a t  had been used 
to  e s t a b l i s h  d ec rea s in g  s lopes  on A rrhenius cu rves . In  t h i s  
in v e s t i g a t i o n  749°G was f ix e d  experim entally ,’out the lower l i m i t  of 
th e  range r e s u l t e d  from a change in  the  o x id a tio n  mechanism which 
thus  r e s t r i c t e d  the  c o n t in u a t io n  of the a c t i v a t io n  curve to  lov/er 
tem pera tu res .  I t  would th e re fo re  be of i n t e r e s t  to perform 
d i f f u s io n a l  t e s t s  on a c r y s t a l  of NbO  ^ over a wide range of 
tem pera tu re , and to  see i f  the Arrhenius curve d isp lay ed  a g rad u a l
d e v ia t io n  a t  approx im ate ly  635°C ani  below. However, f o r  s o l id  
s o lu t io n  niobium /copper a l l o y s ,  F ig u res  59 and 60, the  curves d id  
show a d e v ia t io n  and which th e re fo re  sugges ts  an  in c re a s in g  in f lu e n c e  
of a s h o r t - c i r c u i t  d i f f u s io n  mechanism as the  tem perature  was reduced 
from 749-602°C* As a r e s u l t  i t  i s  c l e a r  t h a t  the  r o l e  of the copper 
io n s  i n  the  ITbO^  l a t t i c e  must now be considered*
( 6 ) ( 8 ) .  THE EFFECT OF COPPER ON THE STRUCTURE OF Nb02 AND ITS 
INFLUENCE ON THE DIFFUSION OF OXYGEN INTERSTITIALS.
Before being  in co rp o ra ted  i n to  the  te t r a g o n a l  NbO l a t t i c e  the
+ s 0copper atoms must io n iz e  to  Cu * This ion  has a r a d iu s  of 0 .96 A,
37 /o l a r g e r  than the  Nb^+ io n ,  and so from a s iz e  p o in t  of view 
ex ten s iv e  s o lu t io n  i s  v e ry  d o u b tfu l .  K i n g e r y ^  ^ c o n s id e r e d  r e l a t i v e  
io n ic  s i z e  to  be the  most im portant f a c t o r  governing s o l u b i l i t y  in  
i o n ic  compounds, and m ain ta ined  th a t  i f  the  ions  d i f f e r e d  by more 
than  15 P then s u b s t i t u t i o n a l  s o l u b i l i t y  i s  u s u a l ly  r e s t r i c t e d  to  
l e s s  than 1 From t h i s  i t  i s  concluded th a t  the s o l u b i l i t y  of 
copper in  NbOg i s  l i k e l y  to  be sm all  and p o s s ib ly  s m a l le r  than  i t  
i s  in  the  m e ta l .
U n fo r tu n a te ly  s e c t io n s  of th e  s c a le  removed from ox id ized  
samples were no t t h in  enough f o r  the  e le c t ro n  m icroscope. However 
l i g h t  m icroscopy, the  s te reo sc an  and th e  e le c tro n -p ro b e  micro -  
a n a ly s e r  f a i l e d  to  r e v e a l  the presence  of a p r e c i p i t a t e  in  the  NbO 
l a y e r .  The e le c t ro n -p ro b e  a ls o  showed t h a t  th e re  was no copper 
b u i ld -u p  a t  the Nb/NbOg in t e r f a c e .  I t  was concluded th e re fo re  t h a t  
d u r in g  o x id a tio n  the  copper in  the  m eta l  a l l o y  was in c o rp o ra te d  in to  
the  oxide . However, w ithou t a f ig u r e  f o r  the  l i m i t  of s o l id  
s o l u b i l i t y  of copper in  ITbO^  i t  i s  n o t  p o s s ib le  to  exclude the  
f e a s i b i l i t y  of ( a ) ,  the  copper being  h e ld  in  a su p e r sa tu ra te d  s o l id  
s o lu t i o n ,  or ( b ) ,  a p r e c i p i t a t e  o ccu rr in g  but on a dimension too 
f in e  to  be d e te c te d  by the techn iques  used . I f  such a p r e c i p i t a t e  
e x i s t e d  then i t  would no t be e lem en ta l  copper s in ce  f i n e ,  d u c t i l e  
p a r t i c l e s  a re  k n o w n ^ ^ to  reduce the  b r i t t l e n e s s  and th e re fo re
hardness of ox ides, and F igu re  74 shows th a t  as the  copioer con ten t 
o f  the  m eta l a l lo y  was in c reased  so the hardness  of the  NbO sca le  
in c re a se d .  Thus the p r e c i p i t a t e  would probab ly  be a complex oxide, 
and the  d i f f u s io n  of oxygen i n t e r s t i t i a l  ions through the Nb02 la y e r  
would have to  be considered  in  view of the  p o s s ib le  s h o r t - c i r c u i t  
d i f f u s io n  p a th s  along the numerous complex oxide/NbO^ b o u n d a r ie s .  
However, i f  the  copper was in  s o l id  s o lu t io n  then  the  la rg e  io n ic  
r a d iu s  of the  Cu would in c re a se  the  com pressional s t r e s s e s  th a t  
e x i s t  in  the  oxide as a r e s u l t  of the P i l l i n g  and Bedworth r a t i o .
I t  i s  p o s s ib le  th a t  a reas  in  the l a t t i c e  th a t  were under te n s io n ,  
i . e ,  vacanc ies  and s e c t io n s  of a d i s lo c a t io n  network, would a t t r a c t ,  
o r  be a t t r a c t e d  to ,  the copper io n s .  I t  i s  suggested  th a t  as  a 
r e s u l t  of the  d e f e c t / s o lu te  a s s o c ia t io n  the s i z e  of the channel 
openings in  the  NbO may be en larged  and thus provide  e a s i e r  p a th s  
f o r  the d i f f u s io n  of CL • Thus i t  i s  concluded th a t  t h i s  enhanced 
s h o r t - c i r c u i t  d i f f u s io n  was responsible f o r  the d e v ia t io n  from a 
l i n e a r  A rrhenius p lo t  t h a t  i s  observed in  F igures  59-60 •
(6 ) ( 9 ) .  THE MECHANICS of THE.OXIDATION PROCESS.
From the p rocesses  so f a r  considered  the NbO  ^ would a t t a i n  
a c o n s tan t  th ick n ess  and the  Hbo0 la y e r  would th icken  u n t i l  a l l  the 
m eta l  had been consumed. However, i t  has been shown th a t  the  s c a le  
on niobium, and niobium/copper a l lo y s ,  was comprised of numerous 
NbgOj. la y e r s  th a t  were of s im i la r  th ickness  on each in d iv id u a l  
sample. P la te s  13-18. This th e re fo re  suggested  the r e p e t i t i o n  w ith  
time of some b a s ic  mechanism f o r  producing the l a y e r s .  The 
appearance of la rg e  c re scen t-sh ap ed  holes  a t ,  o r  near ,  the  n iob ium / 
NbO  ^ in te r f a c e  j u s t  be fo re  breakaway o x id a tio n  in d ic a te d  a c rack in g  
mechanism. P la te  10. The form ation of a crack  v/ould have re q u ired  
energy which, in  the absence of any e x te r n a l  work being  a p p lied  to  
the i n t e r f a c e ,  must have a r i s e n  from the NbO  ^ s ca le  i t s e l f ,  oca les  
growing on a m etal a re  known to  c o n ta in  c o n s id e rab le  i n t e r n a l  
s t r e s s e s ^ ^  p0r  niobium samples re a c te d  w ith  oxygen a t
/+00-425 0 'fcfr0 s t r e s s e s  induced in  the  oxide were com pressiona l and
5 (127 ^c a lc u la te d  to he 5» -10 p s i  " / * Such com pressions1 s t r e s s e s  would 
a r i s e  from a P i l l i n g  and Bedworth r a t i o  which i s  g r e a t e r  than  unity*
( •128)However S t r in g e r^ '  m ain ta ined  th a t  a lthough  t h i s  r a t i o  would give
\
some in d ic a t io n  of the  n a tu re  of the s t r e s s e s  i t  i s  no t the  only 
o r ig in  of the s t r e s s e s , s i n c e  th ic k  oxide sca le s  w ith  a h igh  r a t i o  
have been found on some metals* This p o in t  may be a p p l ie d  to  t h i s  
p re s e n t  system s in ce  f o r  a c o n s ta n t  tem perature  the  v a r i a t i o n  of the  
p a r t i a l  p i 'essure  of oxygen produced an layer., of d i f f e r e n t
th ickness*  Table 24 I f  the P i l l i n g  and Bedworth r a t i o  f o r  each 
sample i s  assumed to  have remained c o n s ta n t ,  then c l e a r l y  th e re  was . 
some o th e r  f a c to r  c o n t r ib u t in g  to  the  v a r i a t i o n  in  the  l a y e r  
th ickness*
I t  was found in  t h i s  i n v e s t ig a t io n  th a t  in  the  tem perature  and 
p re s su re  ranges used the morphology of ox ida tion  was s i m i l a r  f o r  a l l  
samples of ( i ) ,  unalloyed  niobium above approxim ate ly  635°^ and ( i i ) ,  
n iobium /copper a l lo y s  above 602°0. However, f o r  the  purposes of t h i s  
d is c u s s io n  unalloyed niobium a t  690°0 in  0.76 mm of oxygen w i l l  be 
co n s id e red  s in ce  the la rg e  la y e r  found a t  these  c o n d i t io n s
f a c i l i t a t e d  microscopy. Furtherm ore, any re fe re n ce  to  the  o x id a t io n  
k i n e t i c s  w i l l  be made through the g e n e ra l  Am*/time curve i n  F igure
94 *
Figure 94
A General 7,re ig b t  Pain  Versus Time Gurve*
a-bm’
time
P la tes  7-9 represent niobium in  the area a-b in  Figure 94* w i l l  
be seen that the NbO^  layer  was adherent* However the P i l l in g  and 
Bedworth r a t io  fo r  th is  oxide i s  1 *97 9n  ^ therefore the la y er  would
be expected to  have been under compression. S im ila r  compressive 
s t r e s s e s  were regarded  by S t r in g e r  to  be the  same s t r e s s e s  th a t  
would be gen era ted  by the mismatch between the oxide and the m eta l
( 1 2 6 Vl a t t i c e s ,  and Evans 'm ain ta ined  th a t  the a s s o c ia te d  s t r a i n  energy
i s  cumulative a s  the  oxide grows and f i n a l l y  r e s u l t s  in  f a i l u r e  a t
the  m e ta l /o x id e  i n t e r f a c e .  Thus from Evans’ work i t  may be s a id  th a t
the  accum ulation o f  the growth s t r a i n  energy w i th in  the NbOg was
s u f f i c i e n t  to  a llow  the c r e a t io n  of two new s u r f a c e s ,  i . e ,  a c rack
a t  the Nb/NbO_ in te r f a c e  where the s t r a i n  was g r e a t e s t .  A s im i l a r
(129)s i t u a t i o n  may be a r r iv e d  a t  i f  Evans’and Frank’s 'w o r k  a re  
combined, ^he l a t t e r  m ain ta ined  th a t  mismatch d i s lo c a t io n s  a re  
produced, i f  the  m i s f i t  s t r a i n  i s  g r e a te r  than  10 fot th a t  would 
r e l i e v e  the  s t r e s s e s  a t  the i n t e r f a c e .  However, i f  the g e n e ra t io n  
of such d i s lo c a t io n s  was only ab le  to p a r t l y  r e l i e v e  the 
accum ulating s t r a i n  energy then c rack ing  a t  the  Hb/NbO^ . in te rface  
would aga in  occur. S im ila r  s t r e s s  co n d i t io n s  to  these  may have 
r e s u l t e d  in  the  observed c rack in g  of the NbO  ^ l a y e r .  P la te  10. The 
r a p id  o x id a tio n  of the detached a re a s  of NbO to  the  pentoxide  i t  i s  
suggested  would account f o r  the d e v ia t io n  from the  m odified  p a ra b o l ic  
law. This s tage  in  the ox id a tio n  r e a c t io n  may be re p re se n te d  by 
area  c on Figure 94 •
The p o s i t io n  of c rack  n u c lea t io n  in  t h i s  system was no t  
uneq u iv o ca lly  e s ta b l i s h e d  s in ce  th e re  were two p o s s ib le  p o s i t i o n s ,  
v i z ,  ( i ) ,  a t  the m e ta l /o x id e  boundary thus re p re s e n t in g  adhesive  
f a i l u r e  and ( i i ) ,  w ith in  the NbO l a y e r  thus re p re s e n t in g  cohesive 
f a i l u r e .  Sheasby' 'observed  c racks  a t  the m e ta l /o x id e  i n t e r f a c e ,  
and s im i l a r  cracks v/ere observed j u s t  before  breakaway o x id a t io n  
in  t h i s  i n v e s t ig a t i o n .  However, s in c e  co n se rv a tio n  of the  b r i t t l e  
l a y e r  du ring  m e ta l lo g rap h ic  p re p a ra t io n  was d i f f i c u l t  i t  was not 
p o s s ib le  to  be c e r t a i n  whether ( i )  was a p p l ic a b le ,  eg,
F igure  95.
A R ep resen ta t io n  of P o ss ib le  Cohesive F a i lu r e .
(a ) .  {oxygen (b ) ,  oxygen {
—> of  •*—^ "compressive 0—+- NbO '*-*—
 : s t r e s s e s  —; ... crm etal f A m eta l
NbO^ under cohesive  crack  ^ ^ 2  ^u r ^nH' p o l i s h in g .
Thus a re a s  r e p re se n t in g  adhesive  f a i l u r e , i . e .  ( b ) ,  could have been 
produced, in  the manner shown in  Figure 95 > from a cohes ive  (a )  
c rack .  Although a reas  were found which re p re se n te d  ( a ) ,  f o r  example 
P la te  10, doubt arose  as  to  whether cohesive c rack in g  was o p e ra t iv e  
s in ce  th e re  was the  p o s s ib i l i ty  of the c rack in g  being produced in  
the  fo llow ing  manner
F igure  96*
A R ep resen ta t io n  of Adhesive F a i lu r e .
oxygen( c ) .
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Orack in co rp o ra ted  
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oxide.
Growth of v i s i b l e  
c rack  s im i l a r  to  
th a t  in  P l a t e  10.
Thus, a re a s  resem bling  diagram (e )  could  be m istaken  f o r  cohesive 
f a i l u r e .
(61 )S tr in g e r  s a id  th a t  du rin g  o x ida tion  the  exothermic r e a c t i o n  
a t  a m e ta l/ox ide  i n t e r f a c e  could produce a very  h igh  tem perature  
which would r a p id ly  decay over a d is ta n ce  of about 10 atomic spacings 
in to  the  oxide. Normally, oxides do not p l a s t i c a l l y  deform below 
about 0 .66  o f t h e i r  ab so lu te  m e lting  p o in t  a lthough  ex cep tio n s  have 
been f o u n d ^ ^ ^ .  However, i f  the tem perature  approached the l a t t e r  
value a t  the  ITb/NbO  ^ i n t e r f a c e  then , in  c o n ju n c t io n  w ith  the  m i s f i t  
d i s lo c a t io n s  and compressive s t r e s s e s ,  some p l a s t i c  de fo rm ation  may 
be expected but over a l im i te d  d i s ta n c e .  This may be re p re se n te d  
by Figure 97 •
Figure 97*
A R ep resen ta tion  o f  the E q u iv a len t  Y ie ld  S t r e s s  in  the  S ca le .
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where, dx = approx im ate ly  10 atomic s'Jpacings.
Under i d e a l  co n d it io n s  a l l  the com pressional s t r e s s e s  in  the  oxide 
would be accommodated i n  the  p l a s t i c  l a y e r  and hence th e re  v/ould be 
no c rack  p ro d u c tio n . Hcw/ever, i f  the  r a t e  of s t r e s s  in c re a s e  was 
g r e a t e r  than the r a t e  of deform ation then f a i l u r e  would be expected 
somewhere in  dx in  F igure  97 • I f  t h i s  model was a p p l ic a b le  to 
Nb/NbO^ then  s in ce  the  th ick n ess  under the  c racks  in  F igure  95 wss 
ve ry  much g r e a te r  than 10 atomic spac ings  cohesive f a i l u r e  of the 
oxide a t  these  th ic k n e sse s  would have been u n l ik e ly .
S t r i n g e r ^ ^ ^ s a i d  t h a t  the re  was a. p a u c i ty  of in fo rm atio n  
concern ing  the  o x id e /m e ta l  in t e r f a c e  p a r t i c u l a r l y  v/ith r e s p e c t  to  
s t r e s s  r e l i e f  mechanisms and the  i n f l u e n c e ' of d e fe c t  c o n c e n tra t io n  
g r a d ie n t s .  However th e re  was evidence to  suggest th a t  co n s id e ra b le  
p l a s t i c  deform ation  had occurred  a t  the  i n t e r f a c e  of some m e ta l /o x id e  
systems s in ce  in  s p i te  of an i r r e g u l a r  in t e r f a c e  adhesion was s t i l l  
m a in ta ined . Apart from the  mechanisms of s t r e s s  r e l i e f  used so f a r  
in  t h i s  d is c u s s io n  S t r in g e r  l i s t e d  o the rs  which may a l s o  have an 
e f f e c t  on m eta l/ox ide  adhes ion . They a re
a .  g ra in  boundary s l i d i n g .
b. m echanical twinning.
c .  c reep .
d . v iscous  flow of amorphous oxides.
With r e s p e c t  to  the Nb/NbC^ in te r f a c e  mechanism a i s  co n s id e red  to  
have been of minor importance s in ce  the g ra in  s iz e  of the  oxide 
was la r g e ,  as in d ic a te d  by P la te  9, and no evidence cou ld  be found 
r e p re s e n t in g  g ra in  boundary s l i d i n g .  Mechanism b was u n l ik e ly  to  
have been a major f a c to r  promoting deform ation s in ce  no tw inn ing  
was observed. The NbO^  was found no t to  be amorphous and so mode 
d i s  expected to  have been i n s i g n i f i c a n t .  However c re ep ,  c ,  could 
have caused p l a s t i c  deform ation w i th in  the reg ion  dx on F igure  97 
where the  tem perature  i s  considered  to  be h igh .
Although the s t r e s s  system le a d in g  from a-b to  c in  F igure  
94was complex, and the  in f lu en ce  of a c o m p ar i t iv e ly  t h i n ,  o v e r ly in g  
Nb^O .^ l a y e r  on the s t r e s s  system in  the  NbO  ^ has been ig n o re d ,  the  
u l t im a te  f r a c tu r in g  i s  be lieved  to  have occurred w i th in  approx im ate^
10 atomic spacings of the  Nb/lIbO^ i n t e r f a c e .  As shown in  diagrams 
( c ) ,  (d )  and (e )  of F igure  such c ra ck in g  would be in co rp o ra te d  
i n to  the  oxide by the advancing in te r f a c e  and would form a b l i s t e r ­
shaped ho le  under the  in f lu en c e  of the com pressional s t r e s s e s .
P la te s  9» iO and 11 show th a t  under each c rack  the m eta l i n t e r f a c e  
was proud. Thus, i t  i s  concluded th a t  a f t e r  c rack  fo rm ation  a t  the
Ilb/MbO^ in t e r f a c e  the flow of 0 . "  across  the  c rack  was reduced £ n.
s l i g h t l y .  The mechanism of oxygen t r a n s p o r t  a c ro ss  the deve lop ing  
c re sc en t-sh a p e d  ho le  cou ld  have occurred  in  th ree  ways s-
a .  an a s s o c ia t io n  of the  Ck~ a t  the  upper su rface  of the  h o le ,  
m o lecu lar  t r a n s p o r t  a c ro ss  the ho le  and d i s s o c i a t i o n  and 
in c o rp o ra t io n  in to  the  l a t t i c e  aga in  a t  the second NbO  ^ s u r fa c e .
b . s h o r t - c i r c u i t  d i f f u s io n  of Ch” around the su r fa ce  of the hole  
to  the  m etal s u r fa c e .
c .  the  o p e ra t io n  of mechanism a u n t i l  the  s e c t io n  o f  'IbO^ above
the  c rack  had ox id ized  to  n o n -s to ic h io m e tr ic  Nb„0_. At t h i s2 5
p o in t  oxygen would have easy  access  to  the  NbOg below the  ho le ,
O xidation of the  detached a reas  of NbO  ^ and development of new c racks  
would u l t im a te ly  lead  to  complete detachment of the  s c a le  by ra p id  
f r a c t u r e  across  the  necks of the u n b l i s te r e d  a re a s .  This i s  
r e p re se n te d  by P la te  11. However, some abnormal e f f e c t s  were 
observed during  t h i s  sequence of l a y e r  detachment. Premature 
b l i s t e r s  were o c c a s io n a l ly  observed, P la te  9, to  e x i s t  i n  the  re g io n  
a -b  on Figure 94 • Such i r r e g u l a r i t i e s  were not common, n o r  d id  
they  a f f e c t  the m odified  p a ra b o l ic  p l o t s .  I t  was n o t ic e d  th a t  they  
were g e n e r a l ly  a s s o c ia te d  w ith  a su r fa c e  d e fe c t ,  f o r  example a 
p o l i s h in g  d e fe c t ,  a sm all blow-hole on the su rface  of the  m eta l or 
an uncommon sub-oxide  p l a t e l e t .  P la te  10 shows a premature c rack  
th a t  had formed above a p l a t e l e t  bu t had f a i l e d  to  p ro p ag a te .  
Hov/ever, on the  same photograph the second c rack  i s  t y p ic a l  of the  
c re scen t-sh ap ed  c racks  th a t  r e s u l t e d  in  normal l a y e r  detachm ent.
Area d -e  on Figure %  r e p r e s e n ts  the  re p e t i t io n  of the  growth 
c y c le  of a new HbO  ^ and ^ 2^5 l a y e r .  ■ However, as P la te  11 shows 
th e  p roduc tion  of the f i r s t  l a y e r  of ^ 2^5 made the  Nb/NbO^ 
in te r f a c e  i r r e g u l a r .  Such an i r r e g u l a r i t y  would probably  have
FIG. 98.
HIGH TEMPERATURE OXIDATION MECHANISM FOR Nb&Nb/Cu ALLOYS
norma! sequence abnormal sequence
:ilsimultaneous growth 
of oxide layers.
modified parabolic 
lav/ controls 
growth of layers.
momentarily 
stationary thickness 
of inner oxide, 
development of
cracks, ■
  -------------  i , - \ ( D )
start of linear jfefl
kinetics, oxidation of 
detached areas. JjpJ|
as for (D) but 
occasional 
failure of Nb^Cj-.
layer detachment 
and variations
r *
involved in cabbage 
effect,
growth of new 
layers & repeat of 
mechanism.
(E)
(F)
simultaneous growth of oxide layers, 
sub oxide platelet at Nb/NbC^ 
interface.
p'i* premature cracking above 
interface defect.
as for(C). premature fracture 
well advanced into scale.
as for (D)
as for (D): continue (E) etc.
/ /
(E) (E)
■j 'I
f)H
(F) KEY
Nb20 5-X
□ - N b 0q
a ffe c te d  the cracking o f the subsequent Nb0o la y er , and th is  in  turn 
would have caused fu rther ir r e g u la r it ie s*  I t  i s  considered that the 
net r e s u lt  of the process v/ould be to d is to r t  the growth cycle  to  
such an extent that only an average lin e a r  process v/ould be obtained. 
This con d ition  i s  b e lieved  to have been reached during p ost break­
away ox id ation . An e f f e c t  produced as a r e s u lt  of the d is to r t io n  of 
the c y c l ic  process was the development of areas in  the pentoxide  
la yers resembling a section ed  cabbage. P late  48. This was observed 
a t higher p a r tia l pressures of oxygen where many la y ers  had been 
produced. I t  had ar isen  through sm all areas o f the .NbgO remaining 
attached to the NbO^  during su ccessiv e  layer  detachments and may be 
depicted  in  diagram ( e - e ’ ’ ’ ) on Figure 98 together w ith the 
rep resen tation  of the morphology o f oxidation  in  areas ( a - e )  on 
Figure 94 •
( 6 ) 0  0) .  THE r e l a t io n s h ip  between section ed  o x id ised  samples and
THE TOPOGRAPHY.
I t  was shown by the stereoscan  that fo r  a l l  temperatures and 
pressures the topography of oxidized samples was s im ila r  and could  
be re la ted  to the general A m ' / t i m e  curve, Figure 94 • Thus the 
abnormal crack form ation, d iscussed  in  the previous s e c t io n , which 
was found under a l l  con d ition s of temperature and pressure and 
ty p if ie d  by P late 9, could be represented top ographically  by P late  
40. The se v e r ity  of the b l i s t e r  caused the pentoxide to be h eav ily  
f is su r e d  and P late  14 i l lu s t r a t e s  the appearance of such a b l i s t e r  
in  the Nb^O,. la y ers . These w hite, s to ich io m etr ic , protru. -  •
berances on the non -sto ich io in etric  background, P la te  40, had
a tendency to s p a ll  from the surface in  a manner s im ila r  to '*f i s h -  
s c a lin g ” of enamelled m ateria ls and thus i l lu s t r a te d  the energy 
stored  in  the s c a le . In area c on Figure 94 the beginning of break­
away ■ oxidation  could be represented by P la tes  41 and 42 , and 
s p o ilin g  of such a la y e r , P late 43, showed the two oxide la y e r s ,
Nb0o and Hb_0_, and the crescent-rshaued holes found a t breakaway d d 0 ~ ■
o x id a t io n .  The f i r s t  pentoxide  la y e r  was formed when the w hite  a reas  
in  P la te s  M and 42 co a le sce d .  The sec t io n e d  e q u iv a len t  o f  t h i s  
s tag e  i s  d ep ic ted  in  P l a t e  11.
(6)(11 ) .  THE EFFECT OF TSIiPEPATURS AT CONSTANT PARTIAL PRESSURE OF
OXYGEN ON THE FORMATION OF NbCL AND NbnO_ LAYERS. 
________________________________________________________________________   2___________________2 5 _______________________„________________
Microscopy has shown th a t  a t  nra of oxygen p re s su re  an
in c re a se  in  tem perature from 602-749°0 produced an in c re a se  i n  the
pen tox ide  la y e r  th ic k n e ss .  The NbO  ^ th ic k n e ss  a lso  in c reased  but a t
749°0 i t  decreased . Table 23* From Tables 12 and 13 and F igu re  59“
63 i t  i s  shown th a t  Kpm and Kim were dependent on tem p era tu re .  There
was p robab ly  a r e l a t i o n s h i p  th e re fo re  between these  observati.ons.
However, c rack in g  of the  HbC  ^ would have been a co m plica ting  f a c to r
s in ce  without i t  th e re  would have been only  two oxide l a y e r s ,  namely,
NbCL, of a co n s tan t  th ic k n e s s ,  and Nbo0 on the ox5.dizing m e ta l .  I t  2 2 p
i s  th e re fo re  n ecessa ry  to  co n s id e r  the e f f e c t  of tem pera tu re  and 
NbO  ^ th ick n ess  on the  c rack in g  and l a y e r  detachment mechanism.
Y/ith an in c re ase  in  tem perature the  d i f f u s io n  of oxygen' 
i n t e r s t i t i a l  d e fe c ts  through the NbO? would be in c re a s e d ,  and th e r e ­
fo re  in  a g iven time the Nb0o la y e r  would th icken . However, the 
l i n e a r  r e a c t io n  was a l s o  in c reased  and th e re fo re  a ba lance  would 
f i n a l l y  be reached  between the  two r e a c t io n s  which would r e s u l t  in
an  in c re a s e  in  NbCL and Nb_0 _ th ic k n e s s e s .  H07/ever, w ith  a r i s e  in2 2 5
tem perature  the a b i l i t y  of the  NbC  ^ to  deform a t  the  Nb/NbO^ i n t e r ­
face  would be in c re a se d ,  and th e re fo re  c ra ck in g  could be de layed  
u n t i l  the  oxide had grov/n to  a new, g r e a t e r  c r i t i c a l  th ic k n e s s .
Upon rea ch in g  th i s  value c rack in g  and o x id a t io n  of the NbO would 
produce a l a r g e r  pentoxide la y e r  than th a t  produced a t  lower 
tem p era tu res ,  eg : -
Figure 99 »
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At 749 0 the decrease  in  the  NbO th ic k n e ss  i s  a t t r i b u t e d  to  an
in c re a s in g  importance of the  l i n e a r  r e a c t io n . ?he r e s u l t  o f  t h i s
v/ould have been to  p reven t the  NbC  ^ from growing in to  a th ic k  
l a y e r  s in ce  a t  sm all th ick n esses  the d e fe c t  c o n c e n tra t io n  g ra d ie n t  
a c ro s s  the s c a le  would then have been la rg e  enough to  a llow  the 
p a ra b o l ic  r a t e  of r e a c t io n  to  match the l i n e a r  r a t e .  I f  t h i s  
ba lance  had not been achieved then the  NbO  ^ v/ould have been reduced 
to  a th in  f i lm ,  and the m odified  p a ra b o l ic  lav/ v/ould p robab ly  have 
no t a p p l ie d .  However, l a y e r  fo rm ation , i . e .  c rack ing  of the  NbO^, 
was s t i l l  m ain ta ined  even though the  NbO had been reduced in  t h i c k ­
ness and the tem perature  was a t  a maximum. I t  i s  suggested  th a t  the 
in f lu en c e  of the la rg e  pentoxide la y e r  cannot now be excluded from 
the s t r e s s  system genera ted  a t  the  Nb/NbO^ in t e r f a c e .  I t  i s  proposed 
th a t  the o v e rly in g  Nb^O^ . caused the th in  d iox ide  l a y e r  to  c rack  a t  
a th ickness  va lue  i t  was ab le  to  s u s ta in  a t  a lower tem p era tu re , bu t 
where the pen tox ide  la y e rs  were not so la rg e .
Cracking a t  the  Nb0_/Nbo0r in te r f a c e  and p roduc tion  of an
d  d  z>
Nbo0 la y e r  in  t h i s  manner was cons idered  to  be of minor importance 2 o
s in ce  microscopy, P la te  28, showed th a t  l a y e r  form ation  was no t 
observed on o x id ized  NbO samples.
At 690°0 and 749°C the f i r s t  pentoxide  la y e r  th a t  had formed 
was la rg e  compared w ith  subsequent l a y e r s ,  P la te s  13 14* This
i s  a t t r i b u t e d  to  the  f a c t  th a t  the i n i t i a l  growth of the  NbO v/as
on a p o l ish e d ,  even m etal su rface  whereas a f t e r  detachment of the
f i r s t  la y e r  the Nb/NbO in te r f a c e  was i r r e g u l a r  w ith  fragments of
the  NbC^ rem aining a ttached*  F igure  98 *• Growth of new la y e r s  of
NbO. and Nbo0 would then proceed but reg io n s  o f  the  NbO_ would 2 2 o " 2
re a ch  a c r i t i c a l  th ick n ess  before  o th e r s .  Thus, the  detachment of 
the  second la y e r  of NbO would lead  t o ,a  pentoxide  l a y e r  of va ry ing  
th ic k n e s s .  Although la rg e  prim ary pentoxide la y e r s  were no t obvious 
a t  lower tem pera tu res ,  p o s s ib ly  due to  the  o v e ra l l  f in e n e ss  and the 
decreased  d e f i n i t i o n  o f  the^ la y e r s ,  i t  i s  probable  th a t  the same 
mechanism s t i l l  a p p l ie d .
( 6 )(1 2 ) .  THE EFFECT OF OXYGEN PARTIAL PRESSURE AT CONSTANT
TFitPSRATURE ON TEE FORMATION OF NbO. AND Nbo0_ LAYERS.
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690 C was chosen f o r  these  t e s t s  s in ce  the  oxide la y e r s  grew 
r a p i d l y  and were th ic k  and th e re fo re  e a s i l y  observed.
Reductions in  the oxygen p a r t i a l  p re ssu re  decreased  the  va lue  
o f  Kim, and th e re fo re  the themicAl ; r e a c t io n ,
NbO(2+x) r!b2 ° (5 -y )
was slowed. Table 21. However, as F igure 7 3 .and T ab le20 show the 
v a lu e s  of Kpm remained unchanged so t h a t  the balance  between the 
p a ra b o l ic  growth of NbO  ^ and the  l i n e a r  growth of Nb^O^ was thus 
a l t e r e d .  The in n e r  la y e r  v/ould then have grown to  a g r e a t e r  t h i c k ­
ness u n t i l  a new balance  had been once again  o b ta in ed . Conversely , 
an in c rease  in  p re s su re  r e s u l t e d  in  a decrease  in  NbO  ^ th ic k n e s s .  
F igure  100 Table 24 •
F igure  100.
The Growth of S ca les  on Niobium and Niobium/Copper A lloys 
w ith  P a r t i a l  P ressu re  of Oxygen.__________ _______________
A  °2a
meta 1 2 e :
maximum conc. of 
d e f e c t s  remains 
c o n s ta n t  w ith  pCo^).
As the p a r t i a l  p re ssu re  of oxygen was in c reased  the r a t e  of the
in te r f a c e  r e a c t io n  v/ould have in c reased  and the in n e r  l a y e r  decreased,
w ith  Kpm rem aining c o n s ta n t ,  to  etc* F in a l ly  the KbO  ^ la y e r
would be so th in  th a t  the r a t e  of t r a n s p o r t  of d e fe c ts  a c ro ss  the
la y e r  v/ould be f a s t  enough, due to  the s te e p  c o n c e n tra t io n  g ra d ie n t ,
to  balance the  r a t e  of Nb-0 form ation . Continued in c re a se  in2 0
p re ssu re  would be l i k e l y  to  in c re ase  the  r a t e  of the i n t e r f a c e  
r e a c t io n  to such an e x te n t ,  t h a t  a balance w ith  the p a ra b o l ic  growth 
r a t e  would not be ach ieved . As a r e s u l t  o f t h i s  the  Nb_0 would2 p
e x i s t  on a very  th in  f i lm  of NbO^.
( 6 ) 0 3 ). th e  e f f e c t  o f  copper on th e  morphology o f  o x id a t io n .
The in c re a se  in  MbO^  th ick n ess  w ith  in c re a s in g  copper c o n te n t ,
up to  approxim ate ly  3*10 atomic }o copper, i s  thought to  have a r i s e n
from enhanced d i f f u s io n  of oxygen i n t e r s t i t i a l s  through the  HbO^.
This enhanced d i f f u s io n  was a t t r i b u t e d  e a r l i e r  in  the d i s c u s s io n
to  the  la rg e  io n ic  s iz e  of the  copper and i t s  e f f e c t  on the  Nb0?
s t r u c t u r e .  Since d i f f u s io n  o f 0 . ” i s  u ro o o r t io n a l  to  Korn, from
equation  (6 8 ) ,  then an in c re a se  in  copper co n ten t  would in c re a s e
Kpm. F igure  87 • However, except f o r  the i n i t i a l  in c re a se  in  Ivlm
f o r  an a d d i t io n  of 0.44 atomic copper a t  548°0 a t  76 mm of
oxygen p re s s u re ,  copper d id  not a f f e c t  the  l i n e a r  r e a c t i o n .  F igure
57 • As a . r e s u l t  the'NbO^ would grow th ic k e r  u n t i l  a ba lance  was
achieved between the s tea d y  l i n e a r  r e a c t io n  and the new p a ra b o l ic
r a t e .  In  con junction  w ith  Table 23 and the  o b se rv a tio n  th a t  the
approxim ate times to  breakaway, o b ta ined  from F igures  24-34 , were
n o t s i g n i f i c a n t l y  a f f e c t e d  by a d d i t io n s  of copper, then  f o r  a
g iven  a d d i t io n  of copper a t  co n s ta n t  p re s su re  and tem pera tu re  the
NbCL would grow th ic k e r  in  s im i la r  tim es . Since o x id a t io n  of the 2 0
NbO  ^ y ie ld s  the pen tox ide  then a l a rg e  HbO  ^ la y e r  would produce a 
l a r g e  pentoxide l a y e r ,  so i n d i r e c t l y ,  in c re a se s  in  copper would 
in c re a s e  the pentoxide  th ick n ess  • Table 23*
The decrease  in  HbO  ^ and Hb^O^ l a y e r  th ick n ess  f o r  3*10 atomic
% copper a t  a l l  tem peratures  i s  a t t r i b u t e d  to  pn in c re a se d  importance 
o f  the  s t r e s s  w ith in  the  HbO  ^ la y e r  r e s u l t i n g  from the  cojaper he ld  
i n  s o lu t io n .  F igure  74shows th a t  as the copper c o n ten t  of the  a l l o y  
in c re a se d  the hardness of the ITbO^  in c reased ,an d  f u r t h e r  evidence 
o f  the  in c reased  s t r e s s e s  in  the  NbOg due to copper was d isp lay ed  
by the  extreme b r i t t l e n e s s  of a s - c a s t  NbO  ^ ingo ts  c o n ta in in g  copper. 
I t  i s  th e re fo re  proposed th a t  a t  3»i0 atomic copper the  s t r e s s  
l e v e l  i n  the  growing NbO  ^ la y e r  became so high th a t  f a i l u r e  began 
sooner than in  the lower copper a l l o y s .  However, the  time to  b reak ­
away o x id a tio n  was not n o t ic e ab ly  reduced . F igures  24-34*
Although sm all p ie ce s  of the c o p p e r - r ic h  phase in  the  6.73 
atomic ;o copper a l l o y  d id  not d i s r u p t  the la y e r in g  mechanism, the 
in c re a se  in  Kpm was a t t r i b u t e d  to  an in c reased  d i f f u s io n  r a t e  of 
CL~ a long the phase/NbO^ in te r f a c e  and to  the in c re a se d  s t r e s s  
induced , in to  the  ^bO^, by the volume in c re a se  fo llow ing  the  oxida­
t io n  of the /5 phase to  co p p er-r ich  oxide. However, the  continuous 
g ra in  boundary p r e c i p i t a t e  of$  , in  the  26 .9  atomic ^ copper a l lo y ,  
caused lo c a l iz e d  su rfa ce  rumpling, P la te  46 , du ring  o x id a t io n  and 
d i s r u p t io n  of the la y e r in g  mechanism, P la te s  35 and 36* F t was 
found th a t  s e c t io n s  of the  /3 phase when p re sen t  a t  the  Nh/NbO? 
in t e r f a c e  in te r r u p te d  the  c o n t in u i ty  of the  p r o te c t iv e  in n e r  l a y e r ,  
P l a t e s  32 and 33* ^be volume in c re a s e  a sso c ia te d  w ith  the  o x id a tio n  
of s e c t io n s  of the P  phase i s  considered  to  be the cause of f r a c tu r in g  
w i th in  the  NbO  ^ s c a le  and the upheaval a t  the f r e e  s u r f a c e s  such as  
the  ox ide /gas  i n t e r f a c e .  P la te  46.
Figure 101.
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THE INFLUENCE 0? 3UB-0XIDE3 ON THE OXIDATION OP NIOBIUM 
_________ AND NIOBIUri/COPPTR ALLOYS*___________
Sub-oxides th a t  occurred in  the  tem perature  range 635~749°0 
were found not to  in f lu en c e  the g en e ra l  mode of o x id a tio n ,  although 
in d iv id u a l ly  they  were capable  of caus ing  premature b l i s t e r i n g  of 
the in n e r  oxide la y e r  in  a m anner-s im ila r  to  th a t  shown in  P la te s  9 
and 10. Due to  t h e i r  l im i te d  number t h e i r  e f f e c t .o n  the  morphology 
o f  o x id a tio n  was minimal. However, t h i s  was not the  case  a t  76 mm 
of oxygen p re s su re  f o r  tem peratures  a t ,  and below, 602 and 635°C! 
f o r  n iobiuin/copper a l lo y s  and niobium r e s p e c t iv e ly  s in ce  the  sub­
oxides were in  much g r e a t e r  abundance and c lo s e r  to g e th e r .  I l a t e  
25 c o g e n t ly  re v e a ls  the  in f lu en ce  th a t  the  sub-oxides had on the 
rae ta l/ox ide  adhesion .
S im ila r  sub -ox ides , observed by o th e r  r e s e a r c h e r s ^  ^  
have been c a l l e d  p l a t e l e t s .  However, i f  the  sub-oxide3 were p la te s  
1hen co nce ivab ly  an example would be found where a p l a t e  had been 
sec t io n e d  lo n g i tu d in a l ly  and would thus occupy the m a jo r i ty  of the  
hos t g ra in .  This was no t observed in  t h i s  in v e s t ig a t i o n ,  and by 
s t r i p p in g  o f f  the  oxide l a y e r  w ith h y d ro f lo u r ic  ac id  the topography 
of the  sample rev ea led  the  sub-oxides to  be need le-shaped . P la te  45* 
Thus, the  sub-oxides could be regarded , w ith  le s s  c o n fu s io n ,  to  be 
n eed les  r a t h e r  than p l a t e l e t s .
(1 32 )K ofstsd  'observed  th a t  need les  formed in  niobium from 
s u p e r s a tu ra te d  s o lu t io n s  of oxygen in  niobium. The p o s s i b i l i t y  
of the  n eed les  forming as  a p r e c i p i t a t e  du ring  eo o lin g  was s tu d ie d
/ 70\
by Sheasby who concluded th a t  they  formed during  r e a c t i o n  only.
He a l s o  p o in ted  out th a t  s in ce  the  need les  occurred on ly  w ith in  
s u p e r sa tu ra te d  zones they  were th e re fo re  a ine tastab le  phase . Prom 
t h i s  i t  is  concluded th a t  the  appearance a t  635°C in  t h i s  work 
of need les  in  unalloyed  niobium was the  r e s u l t  of an iso th e rm a l  
p r e c i p i t a t i o n  r e a c t io n .  Above th i s  tem pera tu re , the  d isappearance  
of the  sub-oxides i s  a t t r i b u t e d  to an in c reased  oxygen s o l u b i l i t y  
in  niobium and the r e s u l t a n t  d i f f i c u l t i e s  o f  c r e a t in g  a s t a b l e  
nucleus f o r  p r e c i p i t a t i o n .  However, i f  n u c lea t io n  v/as achieved
then  i t  would have been l im i t e d ,  and any f u r th e r  p r e c i p i t a t i o n  of 
the  sub-ox ide  would have occurred by d i f f u s io n  of oxygen to  the 
n u c le i .  Thus, in  time a few la rg e  need les  would be produced. I t  
i s  b e l ie v ed  th a t  the  need les  shown in  P la te  12 were produced in  t h i s  
manner.
A dditions of copper suppressed the  tem perature  a t  which the
m a jo r i ty  of needles  formed to  602°0 and below. A comparison of the
number of needles  formed in  niobium and a 2 .03  atomic % copper a l lo y
a t  602°C i s  shown in  P la te s  21 and 26. I t  w i l l  be observed th a t
th e re  were more need les  in  the  former than  in  the l a t t e r  m a te r ia l .
F ig u res  78-84  show th a t  a d d i t io n s  of copper r e s t r i c t e d  the  depth
of contam ination  by oxygen in to  the  a l lo y , ,  and s u b t r a c t i o n  of the
s u b s t i t u t i o n a l  harden ing  e f f e c t ,  due to  copper, from the hardness
nea r  the m eta l/ox ide  in te r f a c e  in d ic a te d  th a t  f o r  each tem perature
the  su r fa ce  of una lloyed  niobium,and each niobium./copper a l l o y ,
con ta ined  s im i la r  amounts of oxygen. The reduced d i f f u s io n ,  or
con tam ination , of oxygen in to  the Nb/Cu a l lo y s  i s  a t t r i b u t e d  to  the
f a c t  t h a t  the  copper atom i s  sm a l le r  than the niobium atom and would
th e re fo re  in troduce  t e n s i l e  l a t t i c e  s t r a i n s  in to  the  s o lv e n t .  Howeve
the p resence  of i n t e r s t i t i a l  oxygen would in troduce  compressive
0
l a t t i c e  s t r a i n s  as i t s  d iam eter ,  1 .2  A» i s  g r e a te r  than the  d is ta n c e
0
(O.46  A) between niobium atoms a long  the cube-edge of the  u n i t  c e l l
(an o c tah ed ra l  s i t e )  of the b . c . c .  s t r u c t u r e ^  As a r e s u l t  the
oxygen would occupy o c tah ed ra l  s i t e s  in  the v i c i n i t y  of copper atoms
as  these  a re  en la rged  by the t e n s i l e  s t r a i n s  in troduced  by the
(1 73 ^sm a l le r  copper atoms. E xperim enta lly  i t  has been shown J ' t h a t  i f  
i r o n ,  sm a lle r  than niobium, was s u b s t i t u t i o n a l  then an i n t e r s t i t i a l  
atom occupying an o c tah e d ra l  s i t e  in  the  v i c i n i t y  of an i ro n  atom, 
would not m igrate  as i t  would be bound to  the i ro n  atom and would 
re q u i r e  a h ig h e r  energy to  m o v e ^ T h u s ,  i f  copper may be 
assumed to  behave s im i l a r ly  in  t h i s  r e s p e c t  to i ro n  then  oxygen, 
d is so lv e d  i n t e r s t i t i a l l y  a t  the Nb/NbO^ i n t e r f a c e ,  v/ould be unable 
to  m igrate  and thus contam inate the  a l l o y .  Furtherm ore , i t  i s  
suggested  th a t  in  the tem perature range f o r  iso th e rm a l  form ation  
o f sub-oxide need les  r e s t r i c t e d  oxygen d i f f u s io n ,  caused by the 
copper atoms, would slow the n u c le a t io n  of the need les  such th a t  a
re d u c t io n  in  tem pera tu re , to  approxim ate ly  602°C, was needed to  
p rov ide  s u f f i c i e n t  d r iv in g  fo rce  f o r  t h e i r  n u c le a t io n .
In  the i n i t i a l  s ta g e s  of o x id a tio n  in  76 mm of oxygen the
i n i t i a l  d e v ia t io n  from the  modified p a ra b o l ic  p l o t ,  and the  low
power r a t e  law expressed  on the lo g a ri th m  of the w eight g a in  versus
th e  logarithm  of the  time curve , i s  a t t r i b u t e d ,  a t  l e a s t  in  p a r t ,
to  l im i t e d  oxygen s o lu t io n  and need le  fo rm ation . No doubt the
(11 3)fo l lo w in g  f a c to r s  no ted  by Gulbransen^ ' f o r  s s i m i l a r  d e v ia t io n  
from an i n i t i a l  law a l s o  p layed a r o l e
a .  the  in f lu en ce  o f  the  su rface  a rea  o f  the  sample, i . e ,  roughness,
a s  the  r e a c t io n  p roceeds .
b . the  in f lu en ce  of the  h e a t  evolved in  the  r e a c t io n  on the  r e a c t io n  
r a t e .
c# the  in f lu en ce  of the  so lu t io n  o f  oxygen in  the m e ta l  on the 
r e a c t i o n  r a t e .
d .  th e  in f lu en ce  of the  c o n ce n tra t io n  of im p u r i t ie s  in  the  oxide 
d u r in g  the  e a r ly  s ta g e s  of r e a c t io n .
e .  changes in  oxide com position .
f .  the  in f lu e n c e  of p o t e n t i a l  f i e l d s  a t  the  gas /o x id e  in t e r f a c e
due to  adsorbed oxygen io n s .
The d e v ia t io n  observed in  t h i s  in v e s t ig a t i o n  f o r  m a te r ia l  t e s t e d  
in  76 mm o f Oxygen p re ssu re  l a s t e d  f o r  approx im ate ly  5-7 m in u te s ,  
and i t  v/as found th a t  a f t e r  t h i s  pe r io d  need les  were a l r e a d y  v i s i b l e .  
P la t e s  19 and 20. Since the  m odified  p a ra b o l ic  lav/ a p p l ie d  a f t e r  
t h i s  p e r io d  i t  i s  assumed t h a t  needle  fo rm atio n ,  and p o in t s  a - f 5 
were i n s i g n i f i c a n t  compared w ith  the fo rm ation  of the  oxide s c a le s  
t h a t  was observed.
( 38)Sheasby a l s o  found s im i la r  sub-ox ides  in  niobium and 
concluded th a t  they  in f lu en c ed  the k in e t i c s  of s c a le  growth by 
a c t in g  a s  s t r e s s - r a i s e r s  a t  the  ox ide /m eta l i n t e r f a c e .  The
tem perature  a t  which he observed the need les  corresponded to
app rox im ate ly  the  tem perature  recorded  in  th i s  in v e s t ig a t i o n .
However, the  oxide ontop of the needles  v/as b e l ie v ed  by Sheasby
to  be the pen to x id e .  In  t h i s  v/ork oxide removed from the  s u r fa c e
of niobium, r e a c te d  a t  578°0 in  7 6 'nm of oxygen, showed the p resence
o f Nb„0_ but f a i l e d  to  show the ex is ten ce  of NbCL even though 
2 5 ^
m icroscopy in d ic a te d  the presence  o f  a th in  ad h eren t  l a y e r  of ITbO^  
on a l l  specimens. P la te s  2k and kl» The c o lo u r - s t a in  e tch  
supported  the  microscopy by showing 3 'very  th in ,  i r r e g u l a r  NbO? 
l a y e r  a d jac e n t  to  the m eta l .  I t  was th e re fo re  concluded th a t  the 
la ck  of an x - r a y  sp e c tra  f o r  NbO  ^ v/as probably  due to  the incom plete  
removal of the  NbQ  ^ from the s u r fa c e  of the sample, and to  i t  being 
in  in s u f f i c i e n t  q u a n t i ty  to  be d e te c te d  by the technique  used  .
Microscopy showed th a t  the  morphology of o x id a tio n  of niobium 
and niobium /copper a l lo y s  was the  same, and th a t  the p ro d u c tio n  of 
the pen tox ide  la y e r s  followed a s im i la r  sequence to  t h a t  observed 
f o r  the  h ig h e r  temperatures® However, the  p o s i t io n  of the  c r e s c e n t -  
shaped c rack s  a t  the i n t e r f a c e ,  and t h e i r  p o s i t io n  v/ith r e p e c t  to  
the sub-oxide  n eed les ,  P la te  25, lead  to  the conclus ion  t h a t  the 
sub-ox ides  could  in f lu en c e  the form ation  of the  c ra ck s .  The exac t 
p o s i t io n  of the crack  i n i t i a t i o n  v/as no t determined in  t h i s  work 
bu t th e re  were two p o s s i b i l i t i e s .  They were, ( a ) ,  betv/een two sub-  
oxide n e e d le s ,  o r (b ) ,  a t  the  NbO^/sub-oxide/metal ju n c t io n .
F igure  1 02 shows the p o s i t io n s
F igure  102 .
P o s s ib le  P o s i t io n s  of Orack N uclea tion .
(a), (b).
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LOW TEMPERATURE OXIDATION MECHANISM FOR Nb & Nb/Cu ALLOYS
'f
normal sequence abnormal sequence
rapid y p
development
of needles &
growth of scales.
(A) Y'n
X ! < i
I-:;
premature crack 
formation,
modified parabolic 
growth of 
layers & slower 
growth of
needles.
crack initiation 
& oxidation 
of detached 
areas.
scale detached 
& growth 
of new 
layers*
;? (B)
x.-:
crack ~ non propagating
I
J ■ ■ ■ ■ )  but area above, \ t 
a./bi
oxidizes.
premature crock 
y incorporation into 
*V.,* o advancing. scale &growth
of new cracks.
I  scale detachment.
S ' as for (D).
C onsidering  ( a ) ,  i f  the sub-oxide/NbO^ adhesion v/as s t ro n g e r  than 
the  NbO^/metal adhesion then the  growing s ca le  between the two need les  
would t r y  to  bulge v e r t i c a l l y  to  r e l i e v e  the  com pressional s t r e s s e s .  
S ince a t  these  low tem pera tu res  p l a s t i c  deform ation v/ould be reduced 
then  f a i l u r e  could occur n ea r  the arrow shown in  the  diagram. 
C onsidering  (b ) ,  the  fo rm ation  of a sub-oxide  need le  \vould pu t 
com pressiona l s t r e s s e s  on the  niobium m a tr ix .  However the  niobium 
a t  the  NbO^/metal ju n c t io n  would be under ten s io n  thus  ba lan c in g  
the  com pressional s t r e s s e s  in  the NbO  ^ l a y e r . .  The com pressional 
s t r e s s e s ,  due to  a sub -ox ide , would l o c a l l y  oppose the  t e n s io n a l  
s t r e s s  a t  the  s u r fa c e  of the m eta l and would thus le ad  to  weakening 
a t  the  Nb/NbO /NbO ju n c t io n .  I t  i s  considered  t h a t  such p o in tsZ £
would be s u i t a b l e  f o r  crack  n u c le a t io n .
The o v e ra l l  c rack in g  mechanism and la y e r  detachment i s  d e p ic ted  
i n  F igure  103* M icro sco p ica lly  a s im i l a r  c rack in g  phenomenon was 
d isp la y ed  by zirconium  during  o x id a t io n  in  stean / 1 \  In  t h i s  case
h o r iz o n ta l  c racks  running  along the m eta l/ox ide  in t e r f a c e  were 
n u c le a te d ,  i t  was b e l ie v e d ,  by hydride  need les  p ro t ru d in g  in to  the  
oxide a t  the m e ta l /o x id e  boundary.
The i n f l e c t i o n  in  the A rrhenius cu rves . F igu res  59- 60 , was
found to  correspond to  approxim ate ly  the tem perature  a t  which a la rg e
( 38)in c re a s e  in  the number of sub-oxide need les  v/as observed. Sheasby 
observed a s im i l a r  i n f l e c t i o n  du rin g  h is  s tu d ie s  of the o x id a tio n  
o f  niobium. He m ain ta ined  th a t  ^ 2^5 e x is te d  d i r e c t l y  on niobium 
and was s a tu r a te d  w ith  niobium. The ox id a tio n  r a t e  was b e l ie v ed  to  
have been c o n t ro l le d  by the d i f f u s io n a l  p r o p e r t ie s  of the  Nb^O , and 
he suggested th a t  the  in c rease  in  o x id a tio n  r a t e  observed above the  
n eed le s  was due to  the  enhanced oxygen c o n c e n tra t io n  g ra d ie n t  p r e s e n t ^ / r 1 N
in  the  Nb^O^. Other in v e s t ig a to r s  work, summarized by K ofstad , 
a t te m p tin g  to  account f o r  the i n f l e c t i o n  have used s i n t e r i n g  and 
decrease  in  porosity of the s c a le ,  change in  the TTb^ O^  m o d if ic a t io n ,  
and changes in  the  d e fe c t  s t r u c tu r e  of the Nb 0 in  the  c o n s t r u c t io n  
of the  re s p e c t iv e  hypotheses . However, in  t h i s  in v e s t i g a t i o n  f ro m ^ g ^  
microscopy, i n d i r e c t l y  from the F ig u res  61-6 3 , and from B lackburn’s 
observa tions  i t  i s  concluded th a t  the  th in  l a y e r  e x i s t i n g  ontop of 
the  need les  was
The m odified  p a ra b o l ic  c o n s ta n t ,  Kpm, i s  p ro p o r t io n a l  to  the
d i f f u s io n  c o e f f i c i e n t  through eq u a tio n s  ( 25 ) and (o 9 ) ,  and
(i 36) ■ *
B oksh te inx ' 'found  th a t  d i f f u s io n  i s  h ig h ly  dependent on s t r e s s .
The NbO  ^ 3*'n ^ I0 ^he sub-oxide  needles  i s  considered  to  be
h ig h ly  s tre ssed *  This co n d it io n  i s  thought to  have a r i s e n  from the
i n a b i l i t y  of the Nh/lTbO  ^ i n t e r f a c e  to  accommodate some of the  growth
s t r e s s e s ,  due to  lo c a l iz e d  c o n s t r a in t  by the sub-oxide  n e ed le s ,  and
a l s o  due to  the  i r r e g u l a r  Nb/NbO^- in t e r f a c e  caused by the  sub -o x id es .
P l a t e s  19, 20, 23 and 37» Through th ese  a reas  of high s t r e s s  the
d i f f u s io n  of 0 .~  would th e re fo re  be in c re a se d .  The i n f l e c t i o n  in  1
the  curve f o r  una lloyed  niobium and the decrease  i n  the  s lope  i s  
a t t r i b u t e d  to  t h i s  s t r e s s  enhanced d i f f u s io n .  For F igu res  59-60 
the  s e c t io n  of the  curves  below the in f l e c t i o n  i s  d i f f i c u l t  to 
i n t e r p r e t  s in ce  th e re  a re  s e v e ra l  in sep a ra b le  f a c to r s  to  be 
co n s id e red  s im u ltan eo u s ly .  They a re  : -
a .  the  in f lu en c e  of sub-oxide n eed le s  on the d i f f u s io n  of 0 . ”1
through the NbO^ ,
b. the  in f lu en ce  of copper in  s o lu t io n  on the  s h o r t - c i r c u i t  
d i f f u s io n .
c .  the  in f lu en ce  of any p r e c i p i t a t e ,  p o s s ib ly ;  a complex oxide 
c o n ta in in g  copper, on the d i f f u s io n  of Ch~ through the  NbO^.
d . the  in f lu en ce  of r e d u c t io n  in  tem perature  on the  s o l u b i l i t y  
of copper in  NbO^.
However, Kpm i s  r e l a t e d  to  Dn through equation  ( 9 and Dn =
2 2 
D* • exp —Q/RT, thus the  i n f l e c t i o n  in  F igures  59- 60 can be 
2
regarded as a frequency f a c t o r ,  , change. From e q u a t io n s  ('?£) 
and ( ? 3 ) ( 54 ) ( 137) 2
Dn = °c a2 K* V exp ^  + A 3m ■ # exp ( . 4 %  t _ 4 S )
2 0 R RT
, ... 2 ~  A Sd + A Sraand, V  = a o K V exp ------- — ...........  (?3 )
i t  ' i s  seen th a t  Dq i s  dependent on the  s t r u c tu r e  of the  oxide
2 t 
and on i t s  entropy* Thus, i f  a Q or ( A 3d + ASm) i s  in c re a se d  as £
r e s u l t  of the  e f f e c t  of copper and sub-oxide  need les  on NbO^, then
DJj and hence Kpm0 would be increased*
( 6 ) ( 1 5 ) .  POST BREAKAWAY BEHAVIOUR,
P a p e r s ) ( 2 4 ) ( 5 4 ) on the o x id a t io n  of niobium o f ten  show the  
v a lu e s  of Kb, the  l i n e a r  c o n s ta n t ,  p l o t t e d  as  a fu n c t io n  of the  
r e c ip r o c a l  of the  a b so lu te  tem pera tu re . However, in  t h i s  work the  
l i n e a r  reg ion 'w as  found to  be the summation of s e v e ra l  p ro c e sse s ,  
namely, the growth of HbC^ and Kb^O .^ ox^ e s ) an& a sp o rad ic  c rack in g  
mechanism. Thus, an a c t i v a t io n  energy  f o r  th i s  re g io n  can have 
l i t t l e  consequence s in ce  i t  does no t  p o in t  to  any one predominant 
f a c e t  of the o x ida tion  of niobium, and i t  i s  th e re fo re  sugges ted  
t h a t  the low va lues  of the  s o - c a l le d  a c t i v a t i o n  e n e rg ie s ,  reco rded  
in  the  p ap e rs ,  a r i s e  from the  f a c t  t h a t  they  a re  average v a lu e s .  
Although the Kb va lues  obta ined  in  t h i s  work have no t th e re fo re  
been p lo t t e d  as an A rrhen ius-type  fu n c t io n ,  they  have been recorded-, 
f o r  the  sake o f  com pleteness, in  Table 31 .
(7). sum nY .
M etallography, by in d ic a t in g  s im ultaneous growth of two oxide 
la y e r s  on niobium and i t s  copper a l l o y s ,  i n i t i a t e d  an in q u i ry  which 
concluded in  an a n a ly s i s  o f  the k i n e t i c s  of ox id a tio n  by a method 
h i t h e r t o  u n t r ie d  f o r  niobium. This method, in  c o n ju n c t io n  w ith  
environm enta l changes on the  m etal and a l lo y s ,  produced va lues  f o r  , 
a d i f f u s io n a l  and l i n e a r  ox ida tion  p ro c e ss .  C o n d u c t iv i ty  work 
e s t a b l i s h e d  the d e fe c t  na tu re  of the  p ro te c t iv e  l a y e r ,  and 
o x id a t io n  of c a s t  NbO  ^ samples i d e n t i f i e d  the l i n e a r  p ro c e ss .  
A dd itions  of copper, p r im a r i ly  w i th in  the  s o l u b i l i t y  range , allowed 
comparison of the a l lo y s  ox ida tion  behav iour w ith t h a t  of unalloyed  
niobium. This r e s u l t e d  in  the c o n s t r u c t io n  of a mechanism of 
o x id a t io n ,  and a h y p o th es is  concerning the in f lu en c e  copper has 
on the  NbC  ^ l a t t i c e  and concomitant oxygen i n t e r s t i t i a l  m ig ra t io n .
' l ' - t m  U U H O I - U J a . U H J >
1 , The o x id a tio n  of niobium and d i l u t e  n iobium /copper a l lo y s  obeyed the 
m odified p a ra b o l ic  law.
2» B l i s t e r s  formed in  the oxide s c a le  before  breakaway o x id a tio n  d id  not 
d i s ru p t  the  o v e ra l l  o x id a t io n  mechanism.
3* The p ro d u c tio n  of pentoxide la y e r s  o n . a l l  ox id ized  samples occurred . 
through a growth and c ra ck in g  mechanism. The breakaway o x id a t io n  was 
caused by s e c t io n s  of NbO  ^ o x id iz in g  to  ^ 2^5 a ^ t e r  detachment from 
the Nb/NbOg i n t e r f a c e .
4* The in t e r f a c e  r e a c t io n  was the  d i s s o c ia t io n  of oxygen on the  su rface  
o f ' NbOg and the m odified  p a ra b o l ic  r e a c t io n  was the  growth of NbO^.
3 . The NbO was found to  be a p - type  semiconductor c o n ta in in g  oxygen
-2i n t e r s t i t i a l s  a t  p re s su re s  in  excess of approx im ate ly  3- 1* "10 mm.
6. The NbCL la y e r  on ox id ized  m eta l  samples was s a tu r a te d  w ith  0. a t  the  
NbOg/Og in te r f a c e  a t  a l l -  tem peratures  and p re s su re s  used .
7* The r u t i l e  NbO  ^ s t r u c tu r e  con ta ined  f a i r l y  open channels  v/hich 
in f lu en ced  the d i f f u s io n  of oxygen i n t e r s t i t i a l  io n s .
8 . The sub-oxide n eed le s  were re s p o n s ib le  f o r  in c re a s in g  the  d i f f u s io n  
r a t e  of Ch“ through the NbO  ^ l a y e r  a t  low tem p e ra tu res .
9* The ox id a tio n  of d i l u t e  Nb/Cu a l lo y s  could not be i n t e r p r e t e d  in  terms 
of the  Hauffe i*ules of a l l o y  o x id a t io n .
10. The la rg e  io n ic  r a d iu s  of Gu i s  conside red  to  have in c reased  the  
s h o r t - c i r c u i t  d i f f u s io n  of CL~ a c ro ss  the NbO  ^ l a y e r  and hence 
in c reased  the o x id a tio n  r a t e .
11. The p o s t  breakaway r a t e  i s  c o n t ro l le d  by the r a t e  of growth to  a 
c r i t i c a l  th ick n ess  of the  adheren t oxide la y e r .
12. Amounts o f S  phase as  a con tinuous , or d is c o n t in u o u s ,  g ra in  boundary 
p r e c i p i t a t e  were harmful to  the  p r o te c t iv e  NbO  ^ l a y e r  and 
a c c e le r a te d  the  o x id a t io n .
( 9 ) . HJTU35 V/OHK.
The in fo rm ation  ga thered  here  p o in ts  towards two in h e re n t  
weaknesses in  the  and t h e i r  p o t e n t i a l l y  p e rn ic io u s  in f lu en ce
on the development of ox id a tio n  re s i s ta n t ,n io b iu m  based a l lo y s*  The 
f i r s t  i s  the  i n s t a b i l i t y  of the NbO  ^ in  oxygen a t  iow tem p e ra tu res s 
and the  second i s  the  s h o r t - c i r c u i t  d i f f u s io n  of Ch~ through the 
s t r u c t u r e .  Both f a c to r s  must be tao k led  i f  any success i s  to  be 
ach ieved  in  the p ro d u c tio n  of an a l l o y  t h a t  v/ould be u s e f u l  in  
oxygen' in  excess of say , 500°C, f o r  prolonged exposures .
I f  NbO  ^ rem ains the ’’p r o t e c t iv e ” la y e r  on a l lo y s  during  
o x id a tio n  then more in fo rm ation  concerning  i t s  e f f e c t  on the 
d i f f u s io n  r a t e  of oxygen i n t e r s t i t i a l s  i s  r e q u i re d .  A s tu d y  of 
the  d i f f u s io n  of Ch” in  NbO  ^ u s in g  s in g le  c r y s t a l s  and p o ly c ry s ta l l in e  
samples would enable a comparison of the  d i f f u s io n  c o e f f i c i e n t s  
to  be made. This would in d ic a te  whether or no t g ra in  boundary 
d i f f u s io n  could be s i g n i f i c a n t .  S in g le  c r y s t a l s  would a l s o  enable  
d i f f u s io n a l  a n iso tro p y  to  be q u a n t i f i e d  and thus  e s t a b l i s h  how 
much f a s t e r  the  d i f f u s io n  a long the channel openings , in  the  c -  
d i r e c t i o n ,  would be In comparison w ith  o th e r  d i r e c t io n s .  Thus, in  
the  development of ox id a t io n  r e s i s t a n t  a l l o y s ,  i t  may be 
advantageous to  arrange f o r  the  b’hOg sca le  to  have la rg e  g ra in s  
and to  be p r e f e r e n t i a l l y  o r ie n ta te d  in to  the  d i r e c t io n  of maximum 
d i f f u s io n a l  r e s i s t a n c e .
The e f f e c t  of the in c o rp o ra t io n  of a n ‘a l lo y in g  element i n to  
the  NbOg should  be considered  in  an a ttem pt to reduce the channel 
s iz e  and hence m o b i l i ty  of the oxygen i n t e r s t i t i a l  d e f e c t s .  U se fu l  
r e s u l t s  may a l s o  emerge from a s im i la r  s tudy  but through the  use 
o f  m u l t i - s o lu te  a d d i t io n s ,  s in c e  a s e le c t io n  of d i f f e r i n g  i o n ic  
s iz e s  could lead  to  an a d d i t iv e  decrease  in  the m o b i l i ty  and 
c o n ce n tra t io n  of the i n t e r s t i t i a l  d e fe c ts  as a r e s u l t  of s o l u t e /  
s o lu te  a s s o c ia t i o n .
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WEIGHT GAIN V TIME FOR Nb/6-73.At.°/o Cu ALLOY AT
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Table 9* A n alysis  o f M etal A lloys and Oxide Samples.
METAL ALLOYS.
Standard  (powder m ixes). R esu lts
0 .00  w eight p  copper 
5 > , ' ) y  y  y
5 * 0  y y  y  y  y  y
20. 0 y  y  y  y  y  y
0.00  w eight y* copper 
0*51 , > , ,  ,  ,
4* 98 , , y y  y  y  
20.08 , ,  , ,  , ,
I n i t i a l  com p o s itio n P in a l com position Atomic fa Copper
0.50 w eight % copper 0*30 w eight % copper 0 .4 4
2 . 00 y  y  y  y  y  y 0.70 f t  t  f  f  f 1 .02
2 .00  , ,  y y  y y 0 .86 f t  f t  f t 1.25
3* 00 y  y  y  y  y  y 1 .40 i f  f t  f t 2 .0 3
4# 00 y  y  y  y  y  y 1 .70 i t  f t  f t 2 .46
5* 00 y  y  y  y  y  y 2 .1 5 f t  f t  i t 3.10
1 2 . 00 y  y  y  y  y  y 4 .70 f t  f t  t f 6.73
23-00 , ,  , , 20 .10 f t  f f  t t 26.90
OXIDE SAMPLE.
Veight copper in  NbC^ Y/eight }o copper in  NbOg (doped wth 
copper.
0 .0 0 . 0.515-
Table 10. R eac tio n  exponents, n , f o r  the m odified  p a ra b o lic  re g io n  
o f the  log^Q & m* v e rsu s  log-jQ time curves a t  76 nan of 
oxygen.
Temp. °C 0.00 atom ic £>•
0.44
a tomic; a
1 .25  
atom ic %
2 .0 3  
atom ic ,3
3 .1 °  
atom ic '/j
6 .73  
atom ic >o.
749 1 .60 1.40 1.40 1 .60 1.40 1.41
690 1 # 60 1.56 1-55 1.52 1-53 1.32
658 1 .60 1.54 1 .56 1 .55 1 .5 5 . 1.31
635 1.51 1.50 1.50 1.50 1.41 1.51
602 1.83 1.56 1-53 1-55 1 .55 1.56
578 1«66 1.42 1.31 1.32 1.30 1.31
563 - 1.42 1 .40 1.31 1 .3 4
548 1 .96  ' 1 .33 1.31 1 .40 1 ,33 1 . 36 .
Table 11. R eaction  exponents, n , f o r  the  l in e a r  re g io n  a f t e r
breakaway on the  lo g ^ qA m* v e rsu s  log ^ q tim e curves a t  76 
mm of oxygen*
Temp. °G
0.00  
atom ic 70
0.44
atom ic %
1 .25  
atom ic ;i
2.03 
atom ic jo
3.10  
atom ic jS
6.73
atom ic fo
749 1 .1 0 1 .10 1.00 1 .10 O.98 1 .20
690 1 .13 1 .00 1.10 0 .9 9 0.96 1 .1 0
658 ; 1 .00 1 .00 1 .00 1.00 1.02 1 0 06
635 1.00 0.96 1.00 1.00 1.10 1 .1 0
602 1.15 1.00 1.00 0.92 1.00 0 .98
578 1 .00 1 .00 0.97 1.05 1.00 1 .00
563 - - 1 .00 0.98 1.00 0.97
548 1.00 0 .99
00• 0.95 0.98 1 .0 0
Table 12. Kpm va lu es  f o r  a c o n s ta n t p a r t i a l  p re ssu re  of oxygen, 
( u n i t s  a re  g ra s ^ /c n A /se c .)
Temp. °0 0.00
a tom ic copper
0.44
atom ic  ;j copper
1.25  
a tom ic  ;o co u p e r .
749 0.635 X 10“7 0.810 X 10 ~7 0.945 X 10-7
690 0.600 X io - 8 O.79O X 10-8 1.000 X 10"8
658 0.183 X 10-8 0.270 X 10 -8 0.500 X 1 0 ' 8
635 0.182 X 10"8 0.230 X 10
-8 0.300 X 10 -8
602 0.120 X 10“8 0.130 X 10 -8 0.131 X 10-8
57 8 0.110 X 1 o*”8 0.178 X 10 -8 0.490 X 10-8
563
0p-.O X 10"8
548s 0.425 X 10“9 0.155 X 10 ~8 0 .240 X 10-8
2.03 3.10 6.73
a to m ic /- copper a tom ic  7 j copper a tom ic  ; co p p e r .
749 0.910 X 10“ 7 1.220 X 10 -7 2 .340 X 10“7
690 1.060 X 10“8 1.240 X 10 -8 0.344 X 10~7
658 0.522 X 10“8 0.538 X 10 -8 .0 .667 X 10"8
635 0.320 X 10“8 0.402 X 10'-8 0.415 X 10"8
602 0.220 X 10~8 0.231 X -81 0 ^ 0 .289 X 10"8
578 0.915 X 10”8 0.334 X 10'-7 0.512 X 10~7
563
CO0.0 X 10~8 0.112 X 10*-7 0.921 X 10"8
548 0,1+87 X 10~8 0.533 X 10 0.960 X 10“8
3Evalue a ls o  ob ta ined  from th e  lo g . ism* v e rsu s  lo g  time 
CUrVS’ 0.5S0 x IQ"9 gra32/c raV sec .
Table 1 3. Kim v a lues f o r  a c o n s ta n t p a r t i a l  p re ssu re  of oxygen, 
(u n i ts  a re  gras/cm 2/ s e c . )
Temp. °0 0.00  atom ic p> copper
0 .44   ^
atom ic copper
1 .25
atom ic :'o co n cer.
749 0.717  x 10“5 0.765 x 10“5 0.792 x 10“5
690 0.490  x 10"5 0.672 x 10“5 0.492 x 10~5
658 0.450 x 10~5 .0 .540 x 10“5 O.556  x 10“ 5
635 0.388 x 10"5 0 .440  x 10“5 0.332 x 10"5
602 0.312 x 10~5 0.930 x 10“5
578 0.187 x 10-5 0.141 x 10~5 0.181 x 10 ”5
563 _ 0.208 x 10“5
548 - 0.175 x 10~5 0.123 x 10“5
2.03 3.10 6.73
atom ic % conper atom ic % copper atom ic % copper.
749 0.895 x 10"5 0.811 x 10“5 1.310  x 10 5
690 . 0 .575 x 10”5 0.670 x 10 0.630 x 10~p '
658 0.430 x 10“5 0.380 x  10“5 O.363  x 10~5
635 0.477 x 10“5 0.534 x 10~5 0.230  x 10-5
602 0.242 x 10”5 0.333 x 10“5 0.506 x 10“5
578 0.195  x 10“5 0.199 x 10“5 0.262 x 10-5
563 0.199 x 10~5 0.222 x 1 0 - 5 0.252 x 10"ppr
548 0.171 x 10~5 0.203 x 10“5 0.250 x 10"p
Table 14. A c tiv a tio n  e n e rg ie s  fo r  the in te r fa c e  r e a c t io n ,  Kim.
Atomic 'p copper Q. K cals/m ole .
0 .00 14 .0
0.44 14.8
1 .25 1 4 .3
2.03 1 4 .3
3.10 1 3*0
Table 15* V alues of re a c t io n  ex ponen t,n , f o r  p rim ary  r a t e  lav/ 
a t  690°C.
/ n \ 0 .00 1.02 2 .46
11211 • atom ic copper atom ic copper atom ic copper.
7 .6 0 .47 - -
0 .76 0 .73 0.47 0.26
-Table 16. V alues o f the  r e a c t io n  exponent, n , f o r  the
m odified  p a ra b o lic  reg io n  on the  lo g ^ ^ m ' v e rsu s  
lo g 10 tim e curves a t  690 O.
p(o2 )
mm.
0.00 
atom ic j'o copper
1.02 
atom ic f  copper
2 .46  
atom ic p  copper
760.00 1.61 1.56 1 .6 0
380.00 1 .43 1.49 1.61
76.00 1 .60 1.52 1 .6 0
38.00 1 .43 1 .49 1 .6 0
7.60 1 .43 1 .49 1 .3 9
0.76 1.32 1 .26 1.26
Table 17* V alues of the r e a c t io n  exponent, n , f o r  th e  l i n e a r  
re g io n  a f t e r  breakaway o x id a tio n  on the log^ Am' 
v e rsu s  log-jQ time curves a t  69O C.
p (o2 )
mm
0.00 
atom ic p copper
1.02 
atom ic f  copper
2 .46
atom ic fa copper
760.00 1 .05 0.86 0.91
380.00 0.94 0.91 0.91
76.00 1 .13 1.01 0.91
38.00 1.03 1.01 0.90
7 .60 1 .24 1 .00 0.92
0.76 0 .94 1 .00 1 .09
Table 18* V alues of r e a c t io n  exponent, n , fo r  r a t e  lav/ p r io r  to  
m odified p a ra b o lic  law a t  690°G.
p ( 02 )mm 0.00
atomic }* copper
1.02
atom ic p  copper
2*46
atom ic p  copper.
7*6 0.99 0.60 0.88
0*76 0*99 0*79 0.66
38.0 0*73 0.70 0.89
Table 1 9. D ensity  measurements* .
Powder from NbO ( c r y s ta l s ) NbO/NbOp c r y s ta l
NbO  ^ compacts 2. fragm ents
D e n s it ie s  determ ined  from an average  of th re e  v a lu e s ,
5*95 5.96 6.31
Table 20* Kpm v a lu es  fo r  v a r ia b le  p a r t i a l  p re s su re s  of oxygen a t  
690°C. (u n its  a re  grm s^/cm A /sec.)
p (0? ) 
ram. '
0 .00  
atom ic p  copper
1.02
atom ic p  copper
2 .46  
atom ic ;3 co p p er.
7^0.00 0.790  x 1 0"8 1.320  x -10"8 1 .850  X K f 8
380.00 0.820 x 10“8 1 .210  x 10”8 1.360 X
CO 
( 
10T—
76 .00 0.600 x 10“8 1 .000 x 10“8 1.240  X 10**
38.00 0 .850  x 10"8 1.250 x 10"8 1.600 X 10 -8
7*60 0.790 x 10*-8 1 .210  x 10"8 1 .380 x 10"8
0.76 0.710  x 10"8 1.250 x 10"8 1 .330  X 10“8
T ab le2 1 * Kira v a lu es  f o r  v a r ia b le  p a r t i a l  p re s su re  of oxygen a t  
690°G. (u n its  a re  g rm s/cm ^ /sec .)
p (0 2 )
ram.
0 .00  
atom ic p  copper
1.02 
atom ic /^  copper
2.46
atom ic p  copper.
760.00
380.00
76.00
38.00
7*60
0.76
1 .380 x 10“5 
0.618 x 10-5 
0.660 x 10“5 
0.272 X 10-5 
0.191 x 10"5 
O.39O x 10“6
0.695 x 10“5 
1 .340 x 10“5 
0.600  x 10“5 
0.300  x 1 0~5 
0.240  x 1 0~5 
O.53O x 1
1.390 x 10-5  
1 .670 x 10~5 
0.761 x 1 0“ 5 
0.347 x 10“ 5 
0.257 x 10~5 
0 .740 x 10“^
Table 22 » K1 v a lu e s  f o r  the o x id a tio n  of NbC  ^ sam ples a t  690 0
p ( Op) mm. K l. grms/cm2/sec*
76.00 0.76  x 10“5
38.00 0.52 x 10“5
7 .60 0.24  x 10“5 
-6
0 .76 0 .30  x 10 0
Table 23 • V a r ia tio n  of la y e r  th ic k n e ss ’ a t  76 mm Oxygen p re s su re .
Temp.°C a t  omic
7°
copper
N°
of
la y e rs
in n e r  la y e r  
th ic k n e ss
10 ^cm s.
average p e n t­
oxide la y e r  
th ic k n e s s . . 1 0~^ 
cms.
co lo u r
of
o u te r  la y e r .
749 0.00 18 3*3 18.2 w hite /cream .
0.44 29 3 .3 18.2
1 .25 28 3*3 20 .5
cream /green
2 .03 39 3*3 19.8 green/broY/n
3.10 60 1 .6 1-2.5 green/brow n.
690 0.00 15 5.94 10.9 w hite /cream .
0.44 16 6.6 13*9
1.25 18 6.93 17.2 cream /green
2.03 20 6 .6 18.2 green/brow n.
3.10 40 4*6 15.2 9 }
658 0.00 17 3.7 8.25 v/hite/cream .
0 0 44 oxide lo s t  due to  s p a l l in g
1.25 30 5.28 10.6 cream /green .
2.03 30 5.94 1 3.2 green/brow n.
3 .10 35 1 .6 7.6 9 9
635 0.00 19 3 .3 6.6 v /h ite/creain .
0.44 21 3.3 6 .6 > ?
1.25 oxide l o s t  due to  s p a l l in g
2 .03 30 3 .3 6.93 green/brown*
3.10 53 1 .6 4.95 j  j
602 0.00 26 2 .3 4-95 w hite /cream
0.44
1.25
31
33
2 .3
2 .3
4.95
5-94 cream /green
2.03 37 1 .6 6.6 green/brov/n
3.10 65 1 .6 4.29 > 9
s  Note 1. The in n e r  la y e r  th ic k n e ss  i s  an average  value  f o r  
the  th ick n ess  of the Nb02 approx* 4*5 hou rs a f t e r  
breakaway oxidation*
2* In  the  e s tim a tio n  of the average pen tox ide  th ic k n e ss  
the  anom alously la rg e  o u te r  la y e r  has been excluded .
Table 24* Oxide th ick n ess  v a r ia t io n  w ith  p a r t i a l  p re ssu re  of oxygen 
a t  690°0* Niobium a f t e r  5 hours*
p ( 02 ) mm* NbOp* 10 ^cms. Nbo0_# 10 ^cras. 2 5
N° of la y e r s .
7*60 23*7 66 1*5
38.00 13*2 19*8 11 .0
380.00 5*3 11.2 22 .0
760.00 1 .6 6* 6 27*0
Table 23* A c tiv a tio n  energy f o r  the  c o n d u c tiv ity  of NbO  ^ and 
copper doped NbO  ^ in  the  s to ic h io m e tr ic  reg ion*
W eight /I copper A S i . K cals/m ole .
0.000 12*46
0*315 10.74
Table 26 * A c tiv a tio n  energy  f o r  th e  c o n d u c tiv ity  of NbO  ^ and 
copper doped NbO  ^ in  the  p -ty p e  region*
W eight ;(■ copper A Sa • K cals/m ole .
0.000 8 .37
0*313 7*42
Table 2 7 * A c tiv a tio n  en erg ies  f o r  th e  c o n d u c tiv ity  o f N^O anc  ^
Nb^O^ doped w ith  Ou-,0 a t  76 mm of oxygen*
Y/eight /  Ci^O A Ed*. K cals/m ole .
0.000 13*42
0.030 15.33
0.300 19.17
1.000 21.93
Table 28* Values o f p re ^ u re  ex p onen t,n , f o r  NbO? and NbO  ^ doped 
w ith  copper fo r  v a rio u s  tem pera tu res*“ (p rim ary  s lo p e )
Temp. °0 0.000  w eight % copper 0.515  we ig h t  /a c opper •
100 6*23 5.21
200 6.25 5.20
300 7.14 10.00
400 25.00 25.00
Table 2 9 * Values of p re s su re  exponent, n , f o r  SbOg and NbO  ^ doped 
w ith  copper f o r  v a rio u s  tem p era tu res* (seco n d ary  s lo p e )
Temp. °0 0.000  w eight /  copper 0.515  w eight copper.
100 43 .50 a l l  v a lu e s  i n f i n i t e l y
200 100.00 la r g e .
300. 32.30
.400 -
Table 30* V alues of the  p re ssu re  exponent, n , f o r  NbpO and Tib 0 
doped v/ith  Ou^O a t  600°0.
W eight p  Cu^O n
0.000 1 .10
0.050 1 .40
0.500 1.26
1.000 1 .40
Table 3<j. L in ear r a te  c o n s ta n ts , Kb, f o r  76 mm of oxygen p re s su re , 
( a f t e r  breakaway. The u n i ts  a re  giros/cm2/ s e c . )
Temp
749
690
638
635
602
578
563
548
749
690
658
635
602
578
563
548
0 .00  
atom ic 5  coppe]
4.000 x 10 
1.850 x 10 
0.890 x 10 
0 .840 x 10 
0.803 x 10 
0.721 x 10
-6
-6
- 6
-6
-6
-6
0 .4 4 , 
atom ic p  copper
0.625 x 10 -6
2 .03  
atom ic p copper
4.320  x 10 
1.901 x 10 
1.381 x 10 
1.243  x 10 
O.658 x 10 
1.210 x 10 
0.951 x 10 
0.770  x 10
-6
-6
-6
- 6
-6
-6
-6
-6
3.800 x 10 
1.862 x 10 
1.140 x 10 
1.081 x 10 
0.700  x 10 
1.211 x 10
-6
-6
-6
-6
-6
-6
0.742 x 10 -6
3.10 
atom ic p  copper
1.25
atom ic % co pper.
4.531 x 
1 .810  x 
1 .360  x 
1 .186 x 
0.651 x 
1 .102 x 
1 .055  x 
0 .733 x
10
10
10
10
10
10
10
10
-6
-6
- 6
-6
r-o
-6
-6
-6
6.73
atom ic h co pper.
£
7 .000  X 10 7*111 x 10
3 .100  x 10~6 3 . 86O x 10 '
1 .533  x 10~6 1 . 8 33 x 10 '
1 . 3 0 0  x 10 ' ° 1 . 3 8 5  x 10
0 . 9 0 0 x 10~6 1 .1 6 0  x 10 '
1 .5 0 0  x 10~6 1 .7 5 0  x 10
0 .9 7 0  x 10 ^ 1 .1 2 0  x 10
0 .9 3 0  x 10"° 1 .1 3 3  x' 10
-6
-6
- 6
-6
-6
-6
-6
-6
Pla te  7
M agnification
X 250
Composite sc a le  formed on niobium a fte r  5 hours in 0*76 mm of  
oxygen at 69O C. Corresponds to diagram a , or b, in Figure 98.
P la te  8. 
M agnification
X 250
Polarized l ig h t .  I llu s tr a t io n  of the f i e ld  shown in  P la te  7« 
White phase is  Nb^ O^  and the dark grey/b lack phase i s  NbC^ *
ca tio n
Polarized  l ig h t .  Premature fa ilu r e  of inner layer a sso c ia ted  with  
a surface im perfection, i . e ,  sub-oxide need le . Niobium before  
breakaway oxidation in O. 7 6  mm of oxygen at 690°C. Note the grain  
boundary. P la te  corresponds to diagram b in Figure 98.
P la te  10. 
M ag n ifica tio n
x  250
Polarized  l ig h t .  Shows the formation o f crescent-shaped cracks 
near the Nb/oxide in terface  at breakaway ox idation . Niobium 
reacted in  O. 7 6  mm of oxygen fo r  7»5 hours a t 690UC. Note b l i s t e r  
above the crack on the le ft-h a n d  side of the P la te . P la te  
corresponds to diagram d and d ’ in  Figure 98.
P olarized  l ig h t .  Breakaway ox id ation . Detached areas of NTdC^  
have been oxidized to give the f i r s t  sec tio n  of a pentoxide la y er . 
Niobium reacted in  O. 7 6  mm of oxygen fo r  7*5 hours at 69O C.
Note growth of new layer on the m etal. P la te  corresponds to diagram 
e in Figure 98.
P la te  12,
M agnification
x 250
P olarized l ig h t .  Shows p r e fe re n tia l oxidation  along sub-oxide 
n eed les. Niobium reacted in  O. 7 6  rim of oxygen for 12 hours a t
690°C.
P late  13. 
M agnification
X 400
Nb^ O layer produced on a 1 , 2 5  atomic % copper a llo y  a fte r  5 
hours in  76 mm of oxygen at 749 C.
P la te  14* 
M agnification
x 400
Nb^ O layers produced on a 1.25 atomic fo copper a l lo y  a fte r  5 
hours? in  76 mm of oxygen at 749 0* Note the large primary 
pentoxide layer  and the evidence of b lis te r in g .
Nb^O la y e rs  produced on a 1.25 atom ic copper a l lo y  a f t e r  5
hours in  76 mm of oxygen a t  602°C.
Nb2°5 l a ^e rs  Produced on a 1.25 atomic yo copper a l l o y  a f t e r  5 
hours in  76 mm of oxygen a t  690 0.
P la t e  1 6 .
M ag n ifica tio n
X 400
S te reoscan  ; Nb 0P la y e rs  produced on a 1 .25  atomic 
a l lo y  a f t e r  5 hours in  76 mm of oxygen a t  602°C.
S tereoscan  ; Nb^O^ la y e rs  produced on 1.25 atom ic % 
a l lo y  a f t e r  5 hours in  76 mm of oxygen a t  578 0.
P la te  17.
M a g n if ic a t io n  
X 1000
/o co p p er
P l a t e  1 8 .
M a g n if ic a t io n  
X 1000
co p p er
M a g n if ic a t io n
X 1500
( o i l  im m e r s io n ) .
Scale formation over rapid ly  developed sub-oxide needleg. 
Niobium reacted in  76 mm of oxygen for  7 minutes a t 578 0. 
P la te  corresponds to diagram a in  Figure 1 0 3 .
P la t e  20  
M a g n if ic a t io n
x 1500
( o i l  im m ersion ).
D evelopm en t o f  s u b -o x id e  n e e d le s  in  n iob iu m  r e a c t e d  in  76 mm 
o f  oxygen  f o r  7 m in u te s  a t  602 0*
Plate 21•
M a g n if ic a t io n
x 1500
( o i l  Im m ersio n )
^row th o f  s u b -o x id e  n e e d le s  in  n io b iu m  in  76 mm
o f  oxygen  p r e s s u r e  f o r  5 h ou rs a t  6 0 2 °C. E tch ed  w ith  HP +
HNO + Ho0 in  th e  r a t i o  1 :3s4»
P l a t e  2 2 .  
M a g n if ic a t io n
X 24000.
S te r e o s c a n  ;  M a g n ified  a rea  o f  sam ple d e p ic te d  in  P la t e  2 1 .  
N ote c l o s e n e s s  o f  n e e d le s .
Plate 23
M ag n ifica tio n
x 1500
( o i l  immersion)
S ca le  form ation  over ra p id ly  developed sub-oxide n eed les  in  
niobiurn re a c te d  in  76 mm oxygen p re ssu re  fo r  20 m inutes 
a t  578 C. Corresponds to  diagram  c and c ’ in  F igure  103*
P la te  24*
M ag n ifica tio n  
X 800.
P o la r iz e d  l i g h t .  D epicts i r r e g u la r  in n e r oxide la y e r ,  sub­
oxide need les and Nb^O approx im ate ly  15 m inutes a f t e r  
breakaway o x id a tio n  on^niobium re a c te d  in  76 mm of oxygen a t  
578 C. Note f r a c tu re s  in  in  dark  g rey /b lack  in n e r  la y e r .  
P la te  corresponds to  r e p e t i t io n  of diagram c in  F igu re  103.
Plate 25*
M a g n if ic a t io n
x 1500
( o i l  im m ersion )
I l l u s t r a t e s  f r a c t u r in g  betw een  s u b -o x id e  n e e d le s  a t  th e  
o x id e /m e ta l  i n t e r f a c e .  N iobium  r e a c te d  in  76 mm o f  
ox y g en  f o r  5 h ou rs a t  5 7 8 °0 .
M a g n if ic a t io n
x  1500
( o i l  im m ersio n )
E tch ed  i n t e r f a c e  o f  2 .0 3  a to m ic  j o  co p p er  r e a c te d  
in  76 mm o f  oxygen  f o r  5 h ours a t  602 0 .
M ag n ifica tio n  
X 400
P o la riz e d  lig h t*  As c a s t  Niobium D ioxide.
P la te  28# 
M ag n ifica tio n
hx 400
V  «
P o la r iz e d  l i g h t .  O xidized Niobium D ioxide in  7*6 mm of 
oxygen a t  690 0.
Plate 29
M ag n ifica tio n  
X 400
As c a s t  NbO^ANbO + NbO^) e u te c t ic  a l lo y .
P la te  30* 
M ag n ifica tio n
X 250.
Oxidized NbO /(NbO + NbO ) e u te c t ic  a l lo y  in  7 .6  mm 
of oxygen a t  690°C.
P l a t e  31 * 
M a g n if ic a t io n
x 250
P o la r i z e d  l i g h t*  The same f i e l d  as  shown in  P l a t e  30* 
Note t h i n  dark  g r e y /b l a c k  layer*
P l a t e  32* 
M a g n i f i c a t io n
x 5600
S te re o s c a n  ; Shows f r a c t u r i n g  of the in n e r  s c a le  and in c o r p o r a t io n  
o f  S  phase  i n t o  oxide* A 26*9 atom ig jb copper  a l l o y  r e a c te d  
in  ~J6 mm o f  oxygen f o r  5 hours a t  6 9 0  O*
P la te  33*
M a g n if ic a t io n  
X 800
P o la r i z e d  l i g h t .  Shows a t h i n  d i s c o n t in u o u s , dark  g r e y /b l a c k  
ox ide  l a y e r  on th e  s u r f a c e  o f  a 26*9 a tom ic  fo copper a l l o y  
r e a c t e d  i n  76 mm of oxygen f o r  5 hours  a t  690°C.
P l a t e  34
M a g n if ic a t io n  
X 400
Nb„0 l a y e r s  produced on a 6 .73  a tom ic % copper a l l o y  a f t e r  
5 nours  i n  76 mm of oxygen a t  690°C.
M a g n if ic a t io n  
X 250
D i s t o r t i o n  o f  Nb„0j- l a y e r s  formed on a 26 .9  atom ic % copper 
a l l o y  a f t e r  5 hours  in  76 mm of oxygen a t  690°C. Note l i g h t  
g re y /w h i te  i n c lu s io n s  in  s c a l e .
M a g n if ic a t io n  
X 250
P o la r i z e d  l i g h t .  The same f i e l d  as  shown in  P l a t e  35. Note 
b la c k  fv ’ shaped a r e a s .
P la te  37.
M a g n if ic a t io n  
X 250
P o la r i z e d  l i g h t .  Nb~0 l aye^ s  formed on niobium r e a c te d  in  
76 mm o f  oxygen f o r  5 nours a t  69O 0.
P l a t e  38. 
M a g n if ic a t io n
x 250
P o la r i z e d  l i g h t .  A N iobiun^D ioxide c o n d u c t iv i t y  sample a f t e r  
t e s t i n g  a t  600 0 in  5 • 10" mm of oxygen.
M a g n if ic a t io n  
X 18000
S te re o s c a n  ; The s u r f a c e  of niobium a f t e r  o x id a t io n  in  76 
mm of oxygen f o r  15 m inu tes  a t  690 0*
P l a t e  40.
M a g n if ic a t io n  
X 3000
S te re o s c a n  ; T y p ic a l  o f  an abnorm al b l i s t e r  found a t  a l l  
te m p e ra tu re s  and p r e s s u r e s .  Niobium r e a c t e d  in  7*6 mm of 
oxygen f o r  40  m inu tes  a t  690 0.
M a g n if ic a t io n
X 1250
S te re o sc a n  ; Shows w h ite  blem ished a r e a s  t h a t  were a s s o c i a t e d  
w ith  s c a le  de tachm ent.  R ep re sen ts  th e  o n se t  of breakaway o x id a t io n .  
Niobium r e a c t e d  i n  76 mm of oxygen f o r  27 m inu tes  a t  690 0.
t  ^  P l a t e
■HJEglSjp M agnification
x 1250
Stereoscan ; Shows the incorporation of an abnormal b l i s t e r  
in to  spreading areas of sca le  detachment. Niobium reacted  in  
76 mm of oxygen fo r  27 minutes a t 690 0.
M a g n if ic a t io n  
X 2 6 0 0 .
S te re o sc a n  ; S p a l l i n g ,  due to  r a p id  c o o l in g  of specim en, of 
de tach ed  a r e a .  Shows two oxide l a y e r s ,  i s l a n d s  o f  oxide 
rem a in in g  a t ta c h e d  to  s u b s t r a t e ,  and h o le s  under oxide l a y e r s .  
Niobium r e a c te d  i n  76 mm of oxygen f o r  27 m inu tes  a t  690 0.
S te r e o s c a n  ; Shows h e a v i l y  cracked  Nb^O s c a le  on niobium  
r e a c t e d  in  76 mm of oxygen f o r  5 hou rs  a t  690°C.
M a g n if ic a t io n  
X 9600.
S te r e o s c a n  ; The topography  o f  the  s u r f a c e  of a sample which has 
had i t s  oxide s c a le  removed by h y d r o f lo u r i c  a c id .  P l a t e  
shows the  su b -o x id es  to  be n e e d le s  and n o t  p l a t e l e t s .  Niobium 
r e a c t e d  in  76 ram o f oxygen f o r  5 h ou rs  a t  578 0.
P l a t e  46.
M a g n if ic a t io n
X 5600 .
Stereoscan ; The topography of the surface of a 26*9 atomic 
°/o copper a l lo y  reacted in  76 mm of oxygen for  5 hours a t  690 C. 
Note severe ridges o f oxidation product which appear to 
represent a grain boundary pattern .
P la te  47-
M a g n if ic a t io n  
x  1500
( o i l  im m ersion).
P o la r i z e d  l i g h t .  Shows in n e r  s c a le  to  be v e ry  i r r e g u l a r  in  
t h i c k n e s s .  Niobium r e a c t e d  in  76 mm of oxygen f o r  5 hours  
a t  578 C
S te re o s c a n  ; Nb_0 l a y e r s  produced  on a 1 .25  a tom ic  fa copper  
a l l o y  a f t e r  5 h ou rs  in  76 mm of oxygen a t  690°0 . Note 
’ cabbage* e f f e c t  in  th e  l a y e r s .  P l a t e  co rresp o n d s  to  diagram  
e ' 1’ in  F ig u re  98.
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(12 ) APPENDIX
(1 2 ) (1 )  M odified P a ra b o lic  and Y/eight Gain Data*
Time. t  W t.gair t/dm Tirne.t Y /t.gain t/dm Tirne.t Y /t.gain t/dm
dm dm dm
m ins. grms/ciri2 m ins. grms/cm2 m ins. grrns/cm2
U nalloyed Niobium a t  •
76 mm 02 and
749°C • 602°C
5 .00177 2825 10.5  .000877 11973 4 .5 .00067 6716
7 .5  .00253 2964 12 .000982 12219 5 .00067 7463
10 .00317 3154 12.5  .000982 12729 5 .5 .00067 8209
12. 5.00381 32 81: 13 .000982 13238 7 .5 .00077 9740
■15 • 0044 3409 15 .001085 13825 10 .000905 11049
17.5.00487 3593 17.5  ©00119 14706 12 .00105 11428
20 .00535 3738 20 .001295 15444 12.5 .00105 11905
22 . 5.0058 3879 22 .5  .001365 16483 14 .5 .001105 13122
25 .0062 4032 25 .00151 16556 15 .001105 . 1 3575
27.5 .00667 4123 27 .5  .00168 16369 16.5 .00117 141 02
30 .00725 4138 30 .00179 16759 17 .00117 14529
690°C
17.5 .00117 14957
635°C 18 .00124 14919
19 .00124 15322
5 '■••00089 5618 5 .000485 10309 19.5 .00124 15725
7 .00117 5983 6.5  .000657 9893 20 .00124 16129
7 .5  .00117 6410 7 .000657 1.0654 22 .5 .00134 16791 '
8 .00117 6838 7 .5  .000657 11416 23 .00134 17164
10 .00138 7246 9 .5  .00083 11446 23 .5 .00134 17537
12 .00162 7407 10 .00083 12048 24 .5 .00141 17376
12*5.00162 7716 11 .5  .000935 12299 25 .00141 17730
13 © 00162 8025 12 .000935 12834 2 5 .5 .00141 18085
15 . 00182 8242 12.5  .000935 13369 27 .5 .001475 18644
17 .00201 8458 14 .5  .00107 13551 28 .001475 18983
17 . 5.00201 8706 15 .00107 14018 30 .00154 19480
18 .00201 8955 15.5  .00107 14486
20 .00217 9216 16 .5  .00114 14474 578°C
22 .00231 9523 17 .00114 14912
22.5.00231 9740 17.5  .00114 15351 5 .00027 18518
25 .00248 10081 19»5 .001245 15166 7 .5 .000478 15690
27.5 .00263 10456 20 .001245 16064 9.5 .00057 1 6666
30 .0028 10714 22 .00135 16296 10 .00057 17544
22 .5  .00135 16666* 12 •00066 18182
658°C 24.5  .00145 16896 12.5 .00066 18 939
25 .00145 17241 15 .00075 20000
4 .000525 7619 25 .5  .00145 17586 15.5 .00075 20667
4 .5  .000525 8571 27 .001525 17705 17 .OOO838 20286
5 .000525 9524 27 .5  .001525 18033 17.5 .OOO838 20883
7 .0007 10000 28 .001525 18360 18 .000838 21480
7 .5  ©0007 10714 30 . 00159 18868 20 .000928 21552
10 .000877 11402 20.5 .000928 22090
578°G Con*t
21 .000928 22629
22 .5  .000988 22773
23 .000988 23279
24.3  .001100 22275
25 .001100 22727
25 .5  .001100  23182 . 
27 .001200  22500
27 .5  .001200 22917
2 9 .5  .001215 24280
30 .001215 24691
0 .4 4  a t .  foOa a t  76 mm 
O2 and 
7W°C
5 .001905 2621
7 .5 .00273 2747
10 .00345 2898
12.5 .00416 3005
15 .0048 3125
17 .5 .00535 3271
20 .00585 3419
22 .5 .00645 3488
25 .0069 3623
27 .5 .00745 36941
30 .0082 3658
690°C
5 .001045 4785
7 .5 .001395 5376
10 .00167 5988
12.5 .00197 6345
13 .00197 6599
14 .5 .00212 6839
15 .00212 7075
17 .00229 7423
17.5 .00229 7642
20 .00256 7812
22.5 .00283 7951
25 .00291 8591
27 .5 .00306 8987
30 .00332 9036
658°C
4 .5 .000647 6955
5 .000647 7728
6 .5 .000826 7869
7 .000826 8474
7 .5 .000826 9079
10 .00108 9259
10.5 .00108 9722
11 .00108 10185
12.5 .00122 10246
13 .00122 10656
13.5 .00122 11066
15 .00133 11278
15.5 .00133 11654
17 .001435 11847
17 .5 .001435 12195
18 .001435 12543
19.5 .00151 12914
20 .00151 13245
22.5 .00158 14240
24 .5 .001725 14203
25 .001725 14493
27 .001835 14714
27 .5 .001835 14986
30 .001905 15748
32 .00201 15920
34 .00216 15741
635°0
4 .000567 7055
4 .5 .OOO567 7936
5 .000567 8818
6.5 .000745 8725
7 .000745 9396
7 .5 .000745 10067
10 .000956 1046
12.5 .001135 11013
13 .001135 11454
13.5 .001135 11894
15 .00121 12397
17.5 .001 38 12681
18 . 00138 1 3043
18.5 .00138 13406
20 .00145 13793
20.5 .00145 141 38
21 .00145 14483
22 .00152 14474
22.5 .00152 14803
25 .00166 15060
25 .5 •00166 15361
27-5 .00181 15193
30 .00195 15385
602°C
5 .00042 11905
7 .00056 12500
7 .5 .00056 13393
8 .00056 14286
10 .00070 14286
10 .5 .00070 15000
11 .00070 15714
12.5 .00077 16234
13 .00077 16883
15 .00084 17857
15o5 .00084 18452
17 .5 .000945 18518
20 .001015 19704
22 .001085 20276
2 2 .5 . 001085 20737
23 . 001085 21198
24 .5 .001155 21212
25 .001155 21645
25*5 .001155 22078
26 .001155 22511
27 .001225 22048
27*5 .001225 22449
28 .001225 22857
30 .00130 23077
578 °C
5 .00006 83333
7 .5 .00049 15306
8 .00049 16326
9 .5 .00058 16379
10 .00058 17241
10 .5 .00058 18103
12 .00068 17647
12 .5 .00068 18382
14 .00076 18421
14.5 .00076 19079
15 .00076 19737
17 .00089 19101
17 .5 .00089 19663
18 .00089 20225
20 .00099 20202
20.5 .00099 20707
22 .00108 20370
22 .5 .00108 20833
25 .00125 20000
27-5 .00136 20220
30 .00140 21428
548°C
5 .000372 1 3441
7 .000496 14113
7 .5 .000496 15121
9 .5 .00062 1 5322
10 .00062 16129.
...... ..............—R
. 548°C Con11 658°C 15 .00098 15306
16.5 .001075 15348
10.5 *00062 16935 5 .00095 5263 17 .001075 15814
12.5 0000785 15923 5 o .00095 5789 17.5 .001075 16279
13 *000785 16560 6 c00095 6316 19 .001165 16309
13°5 .000785 17197 7 .5 .001115 6726 19*5 .001165 16738
14-5 .000825 17576 10 .00135 7407 20 .001165 17167
15 .000825 18182 12 .00154 7792 22 .00126 17460
15*5 .000825 18788 12.5 .00154 8117 22 .5 .00126 17857
17 .00091 18681 13 . 00154 . 8441 23 .00126 18254
17.5 .00091 19231 15 .0017 882 3 25 .00131 19084
18 .00091 1 9780 17 .00188 9042 27 .0014 19286
20 .00107 18691 17.5 .00188 9308 27 .5 .0014 19643
2 2 .5 .00124 18145 18 .00188 9574 28 .0014 20000
23 .00124 18548 20 .00204 9804 28.5 .0014 20357
25 .001365 18315 22 .0022 10000 30 .001495 20067
25 .5 .001365 18681 22 .5 .0022 10227 578°026 .001365 19048 23“ .0022 10454
27 .5 .001445 19051 25 .00238 10504
29 .5 .00157 18789 27 .5 .0025 11000 5 .00039 12820
30 .00157 19108 30 .0027 11111 7 •000664 1 0542
7 .5 .000664 11295
1.25  2i t .  % CU a t  76 mm 635°C. 8 .000664 12048
09 and —:-----— 9*5 .00082 11585
749 °0 cj .00060 8333 10 .00082 12195
7 .5 .00080 9375 12 .00100 12000
5 .00200 2500 10 .00098 10204 12.5 .00100 12500
7 .5 .00286 2622 11.5 .00110- 10454 14-5 .001113 13027
10 .OO36 2778 12 .00110 10901 15 .001113 13477
12* 5 .00428 2920 12 .5 .00110 11364 15-5 .001113 13926
15 .00496 3024 15 .00128 11718 17-5 .00128 13672
17.5 .00565 3097 17.5 .00141 12411 20 .00143 13986
20 .00627 3189 20 .00155 12903 22 .0016 13750
22 .5 .00672 3348 22.5 .00165 13636 22 .5 .0016 14062
25 .00729 3429 25 . 00175 14280 23 .0016 14375
2 7 .5 .00790 3481 27*5 . 00190 14474 23 .5 .0016 14687
30 .00857 3500 28 .00190 14737 25 .00168 14881
30 .00200 15000 25-5 .00168 15178
690°C 27 .0018 15000
602°C« 27* 5 .0018 15278
5 .0010 5000 28 .0018 1 5555
7 .5 .00131 5725 5 .000653 7657 30 .00192 15625
10 .0016 6250 7 .5 .000795 9434
12 .001825 6575 8 .000795 10063 563°0
12.5 .001825 6849 8 .5 .000795 10692
14.5 .00206 7039 9 .000795 11321 5 .000525 9524
15 .00206 7281 10 .00084 11906 7 .5 .000655 11450
17 .5 .00235 7447 10.5 .00084 12500 10 .00085 11765
20 .00253 7905 11 .00084 13095 12.5 .001 02 12255
22.5 .00275 8182 11 .5 .000887 12965 13 .00102 12745
25 .00294 8503 12 .000887 13529 15 . 00112 • 1 3393
27.5 .00318 8648 12 .5 .000887 14092 17-5 .00131 13359
30 . .00342 8772 14 .00098 14286 18 .00131 13740
35 .00395 8861 14.5 .00098 14796 18.5 .00131 14122
563°C C o n 't 10 .001775 5634 21 .5 .001845 11653
12.5 .00214 5841 22 .001845 11924
20 .00143 13986 13 .00214 6075 22 .3 .001845 12195
20 .5  .00143 14336 13 .5 .00214 6308 25 .0 0 2 CO 12500
21 .00143 14685 15 .0023 6522 27 .5 .002150 12791
2 2 .5  .00151 14900 17.5 .00254 6889 30 .00234 12820
24*5 .001625 15076 20 .00279 7168
25 .001625 15385 22 .5 .00299 7525 602 °C
25 .5  .001625 15692 ' 25 .00323 7739
2 7 .5  *0017 161 76 27 .5 .00343 8017 4 .5 .000425 10588
30 . 001815 16528 30 .00373 8043 5 .000425 11765
7 .5 .000635 11811
548 °C 658°C 9*5 .000777 12226
10 •000777 12870
5 .000320 15625 5 .00082 6097 12 .000883 13590
7 .5  .000455 16483 5 .5 .00082 6707 12 .5 .000883 14156
9 .5  .00059 16102 6 .00082 7317 14 .00099 14141
10 .00059 16949 7 .5 .001065 7042 14*5 .00099 14646
10.5  .00059 17797 9.5 .00125 7600 15 .00099 1 51 51
12.5  .000718 17409 10 .00125 8000 17 .001095 15525
13 .000718 18106 10.5 .00125 8400 17*5 .001095 15982
15 .000815 18405 12.5 .00146 8562 19*5 .00124 15726
17 .5  .00096 18229 15 .00165 9091 20 .00124 1 6129
19.5  .0011 17727 15.5 .00165 9394 20 .5 .00124 16532
20 .0011 18182 17 .5 .001805 9695 22 .5 .00138 16304
22 .5  .0013 17308 19.5 .00196 9949 23 . 0 0 138 ' 16667
23 .0013 17692 20 .00196 10204 25 .00145 17241
25 .00144 17361 20 .5 .001 96 10459 25*5 .00145 17586
25 .5  .00144 17708 22 .5 ♦ 00212 10613 26 .00145 17931
27 .5  .OO159 17295 25 .00225 11111 26 .5 .00149 17785
30 .00170 7647 27 .5 .0024 11458 27 .00149 18121
30 .0026 11538 27*5 .00149 18456
2 .0 3  a t .  % Cu a t  76 ram 28.5 .00156 18269
O2 and 635°C 29 .00156 18589
749°C 30 .00156 19231
4 .5 .00065 6923
5 .00222 2252 5 .00065 7692 578°C
7 .5  .00313 2396 6 .5 .0009025 7202
10 .00392 2551 7 .0009025 7756 4*5 .00050 9000
12 .5  .00467 2677 7.5 .0009025 8310 5 .00050 10000
15 .00532 2819 9 .00110 8182 7*5 .00076 9868
17.5  .00602 2907 9 .5 .00110 8636 8 .00076 10526
20 .00662 3021 10 .00110 9096 10 .00097 10309
22 .5  .00722 3116 12.5 . 001355 9225 12 .00109 11009
25 ' .0078 32105 13 .001355 9594 12 .5 .00109 11468
27.5  .00838 3282 13.5 .001355 9963 14*5 .00135 10741
30 .00895 3352 14.5 .00145 10000 15 .001 35 11111
15 .00145 10345 17 .00152 11184
690°C 17.5 .00157 11146 17*5 .00152 11513
19 .0017 11176 18 .00152 11842
5 .00113 4425 19.5 .0017 11470 19*5 .00168 11607
7.5  .00145 5172 20 .0017 11765 20 .00168 1 1 9 P 5 _
578°C Con’ t
20 .5  .00168 12202
22 .5  .00189 11905
25 .00206 121 35
26.5  .00214 12383
27 .00214 12616
27*5 • 00214 12850
30 .0024 12500
563°C
5 .00054 9259
7 .00074 9459
7 .5  .00074 101 35
8 .00074 10811
10 .00943 10604
12 .001135 10573
12 .5  .001135 11013
•15 .001315 11407
17-5  .001500 11666
18 .001500 12000
20 .00163 12269
22.5 .00175 12857
25 .00192 13021
27 .00205 13171
27.5  .00205 13415
28 .00205 13658
30 .0022 1 3636
548°C
5 .000378 13227
7 .5  .00060 12500
9 .5  .00079 12025
10 .00079 12658
12 .000946 12685
12 .5  .000946 13213
15 .001135 13216
17.5  .001261 13878
18 .001261 14286
20 .00139 14388
22 .001515 14521
2 2 .5  .001515 14851
24 .5  .00164 14939
25 .00164 15244
2 7 .5  .00177 15537
30 . .001935 15504
3.10 a t,f i  Cu ?.it  76mm
Og and
749°C
5 .00208 2404
7.5  .00300 2500
10 .00382 2618
12.5  .004675 2674
15 .005375 2791
17 .5  .0060 2917
20 .0066 3030
22 .5  .00733 3069
25 .00795 - 3145
27.5  .00865 3179
30 000932 3219
690°C
5 .001235 4048
7.5 .001 65 4545
10 .00198 5050
12.5 .00223 56 05
15 .00246 6097
17.5 .00276 6340
20 .00301 6644
22.5 .00334 6736
25 .00367 6812
27.5 .00396 6944
30 .00437 6865
658°CJ
5 .000745 6711
7 .5 .0010 7500
10 .00122 8197
12.5 .001437 8698
15 .001 612 9305
17 .5 .00177 9887
20 .00195 10256
22 .5 .00208 10817
25 .002237 11176
27 .5 .00242 11364
30 .00254 11811
635°cI
5 .000567 8818
7 .5 .000815 9202
10 .000995 10050
12 .00110 109Q9
12 .5 .00110 11364
15 .001278 11737
17 .5 .001420 12 324
20 .00156 12820
2 2 .5 .001665 13513
25 .001845 13550
27*5 .001985 13854
30 . 002 1 3 1 4084
602°C
£> .000517 9671
7 .000775 9032
7 .5 .000775 9677
8 .000775 10322
9 .5 .000905 10492
10 .000905 11049
12 .5 .00107 11682
15 .001165 12875
15 .5 .001165 13305
17.5 .001293 13534
20 .001425 14035
20 .5 .001425 14386
22 .00152 14474
2 2 .5 .00152 14803
23 .00152 151 32
24 .5 .00162 15123
25 . 001 62 15432
2 5 .5 .00162 15741
27 .5 .00168 16369
30 .00178 16854
578°C
5 .00050 10000
7 .000805 8696
7 .5 .000805 9317
10 .00105 9524
12 .5 . 00136 9191
15 .00164 9146
17-5 .001885 9284
20 .00213 9389
22 .5 .00235 9574
25 .00260 9615
27 .5 .00284 9683
30 .00306 9804
563°C
5 .00059 8474
7 .5 '.00082 9146
10 . 00108 9259
12.5 .001315 9506
14.5 .00155 9355
15 .00155 9677
15 .5 .00155 10000
17.5 .00173 10116
20 .00193 10363
563°0 Con11.
i
22.5 .0047 4787 5 .000715 6993
641025 .00555 4504 7 .5  .00117
2 2 .5 .0021 10714 27*5 .00605 4545 10 .00148 6756
25 .0023 10869 30 .0067 4478 12.5  .001835 6812
27 .5 .00248 11089 15 .00219 6849
30 .0026 11538 658 0 17 .5  .00245 
20 .OO265
7143
7547a
548 0 5 .00077 6493 22 .5  .00295 7627
74187*5 .00104 7211 25 .00337
5 .00048 10417 10 .00128 7812 27-5 .CO367 7493
7 .5 ..OOO72 10417 12.5 .00149 8389 30 .00388 7732
9 .5 .0009 10555 15 .00170 8823
563°C10 .0009 11111 17.5 .00187 9358
10 .5 .0009 11667 20 .00205 9756
12.5 .00106 11792 2 2 .5 .002205 10204 5 .000635 7874
19 .00122 12295 25 .00243 10288 7 .5  .000932 8047
17.5 .00138 12681 2 7 .5 .00265 10377 8 .000932 8580
19 .5 .00151 12914 30 .002875 10435 10 .001195 8368
20 .00151 . 13245
635°0
12 .00135 8888
2 0 .5 .00151 13576 12 .5  .00135 
15 .0016
9259
•22.5 .00165 13636 9375
24.-5 .0018 13611 5 .000870 5747 17*5 .00179 9776
25 .0018 13889 5 .5 .000870 6321 20 .00194 10309
25-5 .0018 14167 7 .000 962 7276 20 .5  .00194 10567
27 .5 .0019 14474 10 .00118 8474 2 2 .5  .00213 10563
29*5 .0020 14750 12 .5 .00 1365 9157 23 .00213 10798
30 • 0020 15000 15 .00  1 520 '9868 24.5  .00228 10746
17.5 .001675 .10448 25 .00228 10965
6*73 a t .  Cu a t  76 mm 20 .00  180 11111 27 -.00246 10976
Op and 22 .5 .00  1925 11688 2 7 .5  .00246 11178
749 25 .00  218 11469 30 .00268 11194
.00382
2 7 .5 .00  230 11956
5 1309 30 .00  245 12245 548°C
"7 C .00482 15567 o
10 .00608 1645 * 5 .000582 8591
12.5 .00712 1756
602 °0
7 .5  .00091 8242
1-5
17.5
.00813
.00901
1845
1942
‘ 8 .00091 8791
9 .5  .00109 8715
20 .00993 2014 5 .000678 7375 10 .00109 9174
2 2 .5 .01095 2055 7 .5 .000928 8082 12 .001245 9638
25 .01170 2137 10 .00107 9346 12 .5  .001245 10040
2 7 .5 .0128 2148 1 2 .5 .001215 10288 15 .00153 9804
30 .0137 2189 15 . 00136 11029 17.5 .00171 10234
 ^ ~ 0 17«5 .001465 11945 20 .00189 10582690 0 20 .00157 12739 22 .5  .00207 10869
.00147
22 .5 .001715 13119 25 .00225 11111
5 3401 25 .001858 13455 2 7 .5  .0024 11458
7*5 .00212 3538 27.5 .0020 13750 28 .0024 11667
10 .00262 3817 30 .002143 1399 30 .00258 11628
12 .5 .00302 4139
578°C15
17 .5
.00352
.00404
4261
4332
20 .0045 4444 4 .5 .000715 6294.
Tirne.t 7 /t.g a in  t/dm 
dm 0 • 
m ins. grams/cm^
Time • 
mins •
t  7 /t.g a in  
dm 
grms/cm^
t/dm Time
mins
. t  7 /t.g a in  
dm
• grms/cm
t/dm
U nalloyed  Niobium a t
690°C and 760 mm O2
p re s s u re .
2 .5  -OOO652 3834 22.5 .00221 10181 90 .0050 18000
5 #00125 4000 25 .00234 10684 105 .00574 18293
7 .5  #00153 4902 27.5 . 00252. 10913 120 .00635 18898
10 .00186 5376' 30 .00268 11194 150 .00765 19608
12 .5  #00215 5814 35 .0030 11666 180 .0086 20930
15 #0024 6025 40 - - 210 .0101 20792
17-5  #00262 6679 45 .00399 11278 240 .0112 21428
20 .0029 6896 50 .00435 11494 270 .01215 22222
22 .5  .00306 7353 55 .0047 11702 285 .0127 22441
25 .0032 7812 60 .00517 11605 300 .01335 22472
27 .5  .00343 8017 75 .00605 12396
30 .OO363 8264 90 .00706 12766 0.76 mm
35 .00413 8474 105 .00814 12899
40 .0047 8511: 120 .00912 13158 5 .0000375 1 3333
150 .0113 13274 7*5 .000112 66964
380 mm 180 .01 37 13139 10 .000187 23476
210 .0158 13291 12.5 .000262 47710
2 .5  .00064 3906 240 .0183 13115 15 .0003 50000
4 .5  .00102 4412 300 .0225 13333 17-5 .000337 51929
5 .00102 4902 20 .000375 53333
7-5 -00129 5814 7*6 rnrn 22e 5 .000412 54612
10 ..00165 6061 - 23 .0045' 51111
12 .5  .00189 6614 5 .000298 16778 23 .5 .0045;- 52222
15 -00214 7009 7 .5 .000597 12563 24 .0045 53333
17 .5  .00238 7353 10 .00086 11628 24. r) .0045 54444
20 .00258 7752 12 .001125 10666 25 .00045 55555
22 .5  .00274 8212 12.5 .001125 11111 27 .5 .000525 52381
25 .00302 . 8278 15 .001305 11494 30 .0060 50000
27 .5  .00326 8436 17 6 .001455 11684 35 .000675 51852
30 .00347 8645 17-5 .001455 12027 40 .00075 53333
35 .00387 9044 20.5 .001645 12462 45 .00086 52325
40 .00443 9029 22 .5 .00183 12295 50 .00090 55555
45 .00493 9128 23 .00183 12568 55 .00107 51402
50 .00533 9381 25 .001 975 12658 60 .0012 50000
60 .0064 9375 25 .5 11 12911 75 .00142 52817
27 .5 .00213 12918 90 .00172 52 326
38mm 28 H 13145 105 .00209 50239
30 .00224 13393 120 ; .00247 48583
5 .OOO513 9746 35 ^ .00252 15888 150 .00304 49342
7 .5  .000868 8640 40 .0028 14286 180 .00348 51724
10 .001184 8446 45 .00306 14706 210 .00394 5.32.99
12 .5  .00138 9058 50 .00336 14881 240 .0045 53333
15 .00162 9259 55 .00355 15493 300 .00535 56075
17.5  .00182 9615 60 .00385 15584 330 .0058 56896
20 .00205 9756 75 .0043 17442 360 .00635 56693
0 .7 6  :nrn Con’ t 30 .00337 8902 180 .0124 14516
35 .00377 9284 195 . 01375 14182
390 *0066 59091 210 .01475 14237
38 mm
1.02  a t  % Cu a t  690 C 0.76 mm
and 760 mm 0o pressure* 2 .5 .OOO36 6944d. 5 .00072 6944 10 .0000447 223714
2 .5  .00075 33383 7.5 .00108 6944 12.5 .000134 93283
5 .00125 4000 10 .00134 7463 15 .000179 83799
7 .5  .00164 4573 12 .5 .00162 7716 17.5 .000269 65056
10 .00204 4902 15 .001855 8086 20 .000359 55710
12 .5  .00240 5208 17.3 .00211 8294 22 .5 .000403 55831
15 .00278 5395 20 .00232 8620 25 .000447 55928
17 .5  .00328 5335 22 .5 .00254 8858 2 7 .5 .000493 55781
20 .00378 5291 25 .00278 8993 30 .000583 51458
2 2 .5  .0043 5232 27 .5 .00294 9354 35 .000807 43370
25 .00475 5263 30 .0031 9677 40 .000942 42463 ■
27 .5  .0052 5288 40 .00375 10666 50 .00121 41322
30 .OO576 5208 50 .00451 11086 60 .00148 40540
35 .00686 5102 60 .00535 11215 75 .001975 37975
75 .00634 11829 90 .00238 37815
38O mm 90 .00767 11734 105 .00286 36713
105 .0093 11290 120 .00335 35821
2 .5  .00097 2577 120 .0112 10714 135 .00365 36986
5 .000153 3268 135 .0132 10227 150 .00403 37221
7 .5  .001925 3896 150 .0152 9868 165 .00445 37079
10 .00222 4504 165' .01725 9565 180 .00474 37975
12.5  .00260 4808 180 .0189 9524 195 .0051 38235
15 .0029 5172 210 .0054 38888
17 .5  .00318 5503 7* 6 mm 225 .0057 39473
20 .00352 5682 240 .0060 40000
2 2 .5  .00392 5790 5 .000517 9671 270 .00675 40000 -
25 .00437 5721 7 .5  ■ .00088 8523 300 .0077 38961
2 7 .5  .00483 5693 10 .00119 8403 O
30 .00545 5504 12.5 .0014 8928 2.46 a t  /S Cu a t  690 C
15 .00166 9036 and 760 mm 0_ p re s su re .
76 mm 17.5 .00186 9409
20 .00206 9709 2 .5 .00115 2174
2 .5  .000537 4655 22.5 .00228 9868 5 .00177 2825
5 .00100 5000 25 .00243 10288 7 .5 .0023 3261
7 .5  .00127 5906 27 .5 .00259 10618 10 .00275 3636
9 .00152 5921 30 .0028 10714 12 .5 .00332 3765
9 .5  .00152 6250 40 .00341 11730 15 .00378 3968
10 .00152 6579 50 .00405 12346 1 7 .5 .00435 4023
12 .5  .00182 6868 60 .00462 12987 20 .00495 4040
14 .5  .00204 7108 75 .0054 13888 22 .5 .00557 4039
15 .00204 7353 90 .00645 13953 25 .00628 3981
1 7 .5  .00231 7578 105 .00735 14286 27 .5 .00695 3957
20 .00253 7905 120 .00835 •14371 30 .00771 3891
2 2 .5  .0027 8333 135 .00933 14469 35 .0093 3763
25 .00293 8532 150 .01045 14354
27 .5  .0031 8871 165 .01135 14537
380 mm 105 .0105 10000 150 .0051 29412
120 .0128 9375 165 .0055 30000
2 .5  .0011 2273 135 .0148 9122 180 .00593 30354'
5 .00165 3030 150 .0172 8721 210 .0068 30882
7 .5  .00211 3554 240 .00765 31 372
10 .0025 4000 7 .6  ram 270 .OO83 32530
12.5  .00284 4401 300 .00896 33482
15 .00311 4823 5 .000582 8591
17 .5  *0035 5000 7 .5 .000875 8571
20 .00395 5063 10 .00123 8130
22 .5  .00433 5196 12.5 .0015 8333
25 .00483 5176 15 .00175 8571
27*5 .00533 5159 17.5 .00194 9021
30 .0059 5085 20 .00219 9132
22.5 .00238 9454
76 mm 25 .00257 9728
27 .5 .00273 9892
2 .000664 30120 30 .00^96 10135
2 .5  .000664 37650 40 .OO364 10989
4 .5  .00117 3846 50 .00437 11442
5 .00117 4274 60 .00505 11881
7 ,5  .00156 4808 75 .00593 12647
10 .00194 5155 90 .0070 12857
12.5  .00232 5388 105 .0080 13125
15 .00255 5882 120 .0092 13043
17.5  .0028 6250 135 .0105 12857
18 .00293 6143 150 .0120 12500
20 .00308 6493 165 .01318 12519
22.5  .00325 6923 180 .0149 12080
25 .00340 7353 195 .0163 11963
27.5  .00362 7597 210 .0178 11798
30 .0039 7692 225 .0193 11658
35 .00473 7399
0 .76  nan
38 mm
10 .000051 196078
5 .00087 5747 15 .000303 49505
7 .5  .00123 6097 17 .5 .000406 43103 **
10 .00154 6493" 20 .00051 39216
12 .5  .00183 6831 22.5 .000612 36765
15 .002115 7092 25 .000715 34965'
17 .5  .00225 7777 27.5 .00087 31609
20 .00257 7782 30 . 00102 29412
22 .5  .00284 7922 35 .00127 27559
25 .00306 8170 40 . 00153 26143
27 .5  .0033 8333 50 .00202 24752
30 .00351 8547 60 .00255 23529
40 .00427 9368 75 .00278 26978
50 .00495 10101 90 .00332 27108
60 .00578 10381 105 .00378 27777
75 .00712 10534 120 .00407 29484
90 .0086 10465 135 .OO46 29348
(12 ) AHF3NDIX
(1 2 ,) (2 )  C o n d u c tiv ity  R esu lts  f o r  Niobium P en tox ide  and Cu^O Doped 
Nb2°5-
\  Temp. 
I °C
R es is tan ce  
Rx 
ohms -cm
C o n d u ctiv ity  
mhos-cm
Temp.
On
R esis tan ce
Rx
ohms-cm
C o n d u c tiv ity  
mhos-cm
U ndoped Nbo0_ m  7^0 mm 0o 2 b 2p re s su re .
0 . 0 5  w t.
p re ssu re
fo OUpO in  7 6 () mm Op
300 2 .04 X 10J 0.49 X 10 -4-00 LI. 05 X 10* 0.9053 X
400 3.03 X 105 0 .33 X 10“5 450 4.68 X 10° 0.2137 X
450 1.95 X 105 0.513 X 10"° 500 2.474 X 10^ 0.4042 X
500 1 .3 X 106 0.769 X 10 6 550 1.187 X 10° 0.8422 X550 0.731 X 10I 1.37 X 1 0 7 600 0.512 X 106 1.95 X
600 0.325 x 10° 3. 08 X 10~6
• 5 Wt. fo CupO in  7^0 mm Op 1 .0  w t. 0 CupO in  760 mm 0oc.p re s su re • pressure »
450
500
.550
600
1.188 x 10 j
x 1056* 34 
3.39 
1.37
x 10°
x 106
0.8414 x 10-7 
0.158  x 10 ' °  
0.295 x 10“5 
0.73 x  10 ' °
l 0 r-6
1 0 7  
10”;  
a n-o
450 2 .4 3 X 10? 0.4115 X 10
500 9.4 X 105 0.1064 X 10
550 4.28 X 10° 0.234 X 10
600 1.68 X 106 0.595 X 10
-7
-6
>-6
•o
P ressu re
2
Undoped Nb 0_ a t
600°C. 2 5
760 mm 
x 10~1
x 10~J 
-1x 10’ 
x 10 “2
-2
10"^ 
10~3
x  10 
x
X
0.52  X 1 0 °  
0.472 x 105
0 .5 3 3  X 1o5
0 .1 4 4  x  10p 
1 .11 5 x 10^  
0.221 x 10  ^
0 .7 1 5  x 103
1.92
2.13
3*0
6.92
x 10“^ 
x 10”^ 
x 10 “5
x 10 -5
0.897 x  1C *  
4.53  x 10“*  
1.399 x  10“3
0 .5  Wt. % CUpO.
P re ssu re
0^
0 .05  Wt. CUpO,
10
10
10
10
10~4
0.117
0.8  58 
0*396 
p .  254 
1.072
x 106 
X  1 0 5
105
10p 
10
1 x 10*73.30 x 10'4
5.88  x 10 
1.166  x  10"  ' 
2 .53  x  10*“? 
3.937  x 10“ : 
0 .932 x 1 0 7
3.33 x 10-4
x 10-1
x 10“"! 
-1x 10 
x 10 
x 10 
x  10
-2
-2
-3
x 10f  
x 105 
x 10° 
0.122  x 10° 
0.435  x  10^ 
0.594 x 10**
0.871
0.62
0.211
1 .15
1.61
4 .74
8 .2
x 10 
x 10 
x 10 
x  10
-6  
-6  
-6  
-6  
—r
2 .3  x  10 
1.684  x 10"*
u. 0  wt. fo Cup0 .
10“1 
10~1 
10“1 
10-2 
1 0 7  
x  10"°
0 .84  x 10°
O.505  X 10°
0.26  x 10° 
1.33  x . 10-5
0.505 x  105 
0.168 x 105
1 .19  x 10“°
1 .9 8  x  1 0 7
3.85  x  10~6 
0 .752 x 10~5
1 .98  x 10
5 .98  x 10”^
(12)(3)»  C o n d u ctiv ity  R esu lts  f o r  Niobium Dioxide and Copper 
doped N b ^
Temp.
°c
R esis tan ce
R
ohms-cm
. C o n d u ctiv ity  
(ohms-cm) ^
Temp.
°c
R esis tan ce
R
ohms-cm
C onductiv ity  
(ohms-cm) ^
NbO  ^ in  1 . 1 0  ^nm 
of oxygen p re s su re .
• Nb02 in  1 . 10’ ^ mm of oxygen 
(doped w ith  co p p e r).
100 9420 0.106 x 10“^ 100 3040 0.329 x  10’ ^
150 3623 • 0.276 x 10"^ 150 1415 0.706 x  10 «
200 1044 0.958 x 10 ' 200 342 0.292 x 10 f
250 348 0.287 x 10 J 250 146 0.685 x 10 ;
300 159.5 0.626  x 10"; 
0.168 x 10’  
0.430  x 10’ J 
0.91 9 x 10’ 1
300 74.5 0.134 x 10 '
350 59.6 350 30.4 0.329 x 10
400 23.2 400 15.2 O.658  x 10
450 10. 87 450 7 .6 0 . 132 .
500 5.075 0.197 500 4.56 0.219
550 3.63 0.275 550 3.04 0.329
600 2 .9 0.345 600 1 .97 0.508
Nb02 a t  100°C. NbO/? a t  200°C. [c o n tin u e d ).
x 10
x 10
9420 0.106 X 10
9420 0.106 X 10
9420 0.106 X 10
7830 0.128 X 10
7230 0.138 X 10
6670 0.15 X 10
5510 0.182 X 10
5220 0.192 X 10
4780 • 0.209 X 10
4640 ^ 0.215 X 10
4495 0.223 x 10
4470 0.224 X 10
4350 0.23 X 10
4200 0.238 X 10
3C.
1044 0.958 X 10‘
1044 0.958 X 10‘
1044 0.958 X 10‘
956 1.046 X 10'
870 1.15 X 10*
783 1.28 X 10
739 1.35 X 10'
-3
-3
-3
-3
-3
-3
-3
-3
-3
p(Og) mm 
5 x 1 0 ^
76 
150 
300 
450 
600 
760
1.41 x  10
1 . 4 7  x  10
1 .33  x 10
300 c .
159.5x 10
x 10
0.626  x 
0.734
112.4
95.75
0.626  x 10
0.799 x 10 
x 10' 
x 10’ 
0.104  x 10*
0.119 x 10.'
0.13  x 10'
0.133  x 10'
Nb02 a t  400 C.
x 10 
x 10 
x 10 
x 10 
x 10 
x 10 
x 10 
x  10
-4
-3
-2
-2
-2
1
-1
1
23®2 4*3 X n-223*2 4*3 X \i-223-2 4*3 X 1 n - 223*2 4*3 X
n - 2
2 2 .5 4*4 X - 2
21.74
2 1
4*59 
4*7 6
X
X
- 2
10-2
20.65 4* 84 X 10
NbOg a t  600°0 .(new  specim en)
x 10 
x 10 
x 10* 
x 10* 
x 10' 
x 10 
x 10*
-3
-1
1.63
1.63
1.63
1.63  
1 .9  
2 .1 7 ' 
2 .52
NbOp doped w ith  copper
0.614 
0 .614 
0 .614  
0.614 
0.526  
0.461 
0.397
a t  100°0.
1 X 10"^ 3040 0.329 X 10
1 X 1 ° 1 3040 0.329 X 10
1 X 1 ° :? 3040 0.329 X 103 x 10 ; 3010 0.332 X 10
5 x i ° ”:
1° I
10-10
2550 0.392 X 10
1 X 2280 0.439 X 10
2 x 2070 0.483 X 10
5 x 2000 0 .5 X 10
76 - -
150 ~
300 - —
450 - -
600 - -
760 1960 0.51 X 10r*3
Nb02 doped w ith  copper a t  200°0.
1 x 10~^ 
1 x. 10”^ 
1 X 10~^ 
3 x 10"*
5 x 10-
1 x 10
2 x 1 o“;
5 x 1 0
76
150
300
450
600
760
342
342
342
342
304
273
258
236
236
0.292 x  10 
0.292 x 10 
0.292 x 10* 
0.292 x 10' 
0..329 x 10 
O.366  x 10 
O.388  x 10 
0.424 x 10
-2
-2
-2
-2
-2
-2
NbO  ^ doped w ith  copper a t 300%!
O.424 x 10 -2
1;
1 
1
3 
5 
1 
2 
5 
7 6
150
300
450
600
760
x 10-+ 
x 1 Q~l 
x 1 0 -f
x 10I?
x 10**, 
x 10" 
x 10" 
x 10"1
74.5 
74*5
74.5 
73.7 
70
64* 6 
59*3 
55® 3
53*3
55*9
57*8
0.1 34 x 10 
0.134  x 10 
0.134  x 10 
0.136 x 10' 
0 .143 x 10' 
0.155  x 10 
0 .169 x 10' 
0.181 x 10'
0 .188 x 10'
0 .179  x 10'
0 .173  x 10'
-1
-1
-1
-1
-1
-1
A
-1
-1
-1
-1
Nb02 doped w ith  copper a t  400%
x 10 
x 10 
x 10' 
x 10' 
x 10' 
x 10' 
x 10 
x 10'
15*2
15*2
15*2
14® 6
14*1
13.8
13*4
13*1
O.658  x 10 '
0 .658 x 10* 
O.658  x 10* 
0 .685  x 10’ 
0.71 x 10" 
0 .725  x 10* 
0 .746 x 10*
0.763 x 10*
t
Nb02 doped w ith  copper a t  600%
x 10 
x 10 
x 10 
x 10 
x 10 
x 10 
x 10 
x 10
-4  * 
3 
-2 
2 
■2 
-1
-1
A— I
1*45
1*45
1*45
1*45
1*74
2.03
2.32
2.54
0.689
0.689
0.689
O.689
0.575
0.493
0.431
0.394
